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ABSTRACT 
Coalescence and particle self-assembly of inkjet-printed colloidal drops  
Xin Yang 
Sun Y. Supervisor, Ph.D. 
 
 
 
 
Inkjet printing has received extensive interest as a low-cost and scalable additive 
manufacturing process for varieties of applications, such as printable electronics, 
photovoltaics, and microbatteries. The objective of the current research is to advance the 
fundamental understandings of the transport phenomena in the inkjet printing processes 
to improve the performance of the inkjet-printed structures and devices.  
To study the stability of the printed patterns, the recoil and oscillations of single 
and consecutively printed pure liquid drops with different surface tension and viscosity 
are studied on substrates with different wettabilities. For both single and combined drops, 
the oscillations decay faster on more wettable surfaces due to stronger viscous dissipation. 
When a drop impacts on a sessile drop on hydrophobic substrate, the combined drop 
recoils twice resulted from the coalescence of the two drops. Whereas no recoil for the 
single drop impact. A single-degree-of-freedom model is developed for drop oscillation 
period and duration.    
Moreover, the particle deposition dynamics in two coalescing drops is examined 
with different drop spacing and jetting frequencies. The circularity of the deposition 
decreases with the increasing drop spacing and decreasing jetting delay, and the radius of 
curvature at the second drop side firstly decreases and then increases with increasing drop 
spacing. The capillary flow induced by the local curvature variation in the coalescing 
drops redistributes particles inside a merged drop, causing suppression of the coffee-ring 
xvii 
 
 
 
effect for the case of a high jetting frequency while resulting in a region of particle 
accumulation in the middle of the merged drop at a low jetting frequency.  
Once colloidal drops are printed on very hydrophilic surfaces, the nanoparticles 
deposited into various structures, such as concentric multi-rings, radial spokes, spider 
web, foam, and island-like depositions, as a result of the competition between the 
receding contact line and particle deposition during drop drying. Based on Marangoni 
instability, the functional relationship between the characteristic lengths of the deposition 
and drop drying conditions are established. 
Finally, using nanoporous templates, the Ag nanotube forests are fabricated. The 
effect of drying methods on the morphology of nanotube forests is examined.  
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CHAPTER 1 : INTRODUCTION 
1.1 Background 
Inkjet printing is a process in which ink droplets are generated and deposited on papers, 
plastics and other media to create images and characters. The concept originated in nineteenth 
century, and advanced in the period of 1960 – 1980 to become widely used in the graphic arts 
and newspaper industry1. In recent years, inkjet printing has attracted extensive research interests 
as a versatile manufacturing technique, because of its nature as a non-contact, reduced-waste, 
maskless, low-cost, and scalable approach for fabricating large area of devices, such as thin-film 
transistors2, 3, organic light emitting devices4, 5, solar cells6, 7, sensors and detectors8, 9. Hence, it 
is important to develop the fundamental understanding on the mechanisms of this technology. 
The inkjet printing process could be distinguished into three stages as shown in Figure 1.1: 
droplet formation at the inkjet printhead, drop impact and spreading on the substrate, and 
functional materials self-assembly due to the evaporation of the carrier liquid.  
 
 
 
 
Figure 1.1 Physical stages of inkjet printing 
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1.2 Literature reviews 
1.2.1 Inkjet printing systems 
In inkjet printing, there are two kinds of mechanisms to generate drops: continuous inkjet 
(CIJ) printing and drop on demand (DOD) inkjet printing. CIJ printing, which generates drops 
with a diameter of approximately 100 µm, is used mostly for coding and marking applications10; 
DOD dominates the graphics and text printing area with smaller drop diameters of 20 - 50 µm1. 
As shown in Figure 1.2a, in continuous printing, the liquid passes through a micron-sized 
nozzle under pressure. The Rayleigh instability causes the liquid column to break up into drops. 
These drops are charged at the nozzle, and the unwanted drops in the stream are deflected by a 
charged deflector into the gutter to be recycled. According the mechanisms of the deflection, a 
CIJ printer could be equipped with a binary or multiple deflection system. Drops in a binary 
deflection system are either charged or uncharged, while they are charged and deflected at 
different levels in a multiple deflection CIJ printer. However, recycling the ink after exposure to 
the environment introduces the potential contamination of the ink, which may be harmful for the 
application in the material printing. Hence, CIJ printing potentially increases the waste of the 
ink1.  
In contrast, DOD inkjet printer generates individual drops when needed as shown in 
Figure 1.2b and 1.2c. In a DOD printer, the nozzle is firstly positioned by adjusting the relative 
location of the nozzle to the substrate, and then a pressure pulse is generated in the nozzle 
chamber to eject a droplet. Based on the mechanisms initiating the pulses in the nozzle, there are 
two major DOD systems: thermal inkjet in Figure 1.2b and piezoelectric inkjet in Figure 1.2c. In 
the thermal inkjet printer, when a drop is required, a pulse is sent to the thin film heater to heat 
the nearby liquid above the boiling temperature, which allows the formation of a bubble. The 
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bubble generates a pressure pulse to eject a drop. In the piezoelectric inkjet printer, the pressure 
pulse required for the ejection results from the mechanical actuation. The thermal DOD systems 
are miniaturized, and widely used in desktop printers. In industrial applications, a majority of the 
printers adopt the piezoelectric DOD systems, because the thermal DOD systems requires high 
vapor pressure fluids, and piezoelectric DOD is easy to control the actuation pulse governing the 
drop size and velocity of any liquid.    
 
 
 
 
Figure 1.2 Schematics of a) continuous inkjet (CIJ) printer, b) and c) drop on demand (DOD) 
inkjet printers, b) thermal inkjet printer and c) piezoelectric inkjet printer1. 
 
 
 
1.2.2 Drop formation 
A typical waveform driving the piezoelectric DOD nozzle is shown in Figure 1.3. Upon 
applying the voltage, a piezoelectric actuator bends to increase the volume in the nozzle chamber 
allowing the ink to be propelled in, and the ink is settled during the constant voltage. The sudden 
decrease in voltage reduces the chamber volume and drives the ink jetted out of the nozzle. The 
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constant negative voltage allows the meniscus fluctuation in the chamber to be damped down. At 
the end of the process, the increase in voltage reduces the pressure in the chamber to keep the ink 
inside the nozzle without forming satellite drops.  
 
 
 
 
Figure 1.3 A typical voltage waveform applied to the piezoelectric element in the nozzle of an 
inkjet printer. 
 
 
 
To image the drop formation, a flash photography setup with 1 µs temporal resolution 
and 0.81 µm spatial resolution was developed by Dong et al11, 12. Figure 1.4 shows the complete 
process during the formation of a water/glycerol mixture (48/52 by weight) drop. Initially, the 
chamber volume reduction, induced by the retraction of the piezoelectric actuator, pushes the ink 
out of the nozzle to form a liquid column with a round leading edge (1-3 in Figure 1.4). After a 
short period, the rate of the liquid flowing out of the nozzle reduces and the liquid column is 
stretched (4-9 in Figure 1.4). After pinch-off, due to the capillary pressure imbalance in the 
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liquid drop, the tail of the drop at the pinch-off recoils towards the drop head (10-12 in Figure 
1.4). As a result of the liquid thread shrinkage between the head and the tail, the ejected drop 
breaks up (13-16 in Figure 1.4), generating a primary drop (larger drop) and a satellite drop 
(smaller drop). The satellite drop catches up and merges with the primary drop (17-20 in Figure 
1.4).  The excessive energy after merging induces oscillation of the air-liquid interface until it is 
damped down by viscous dissipation (21-28 in Figure 1.4). Finally, the equilibrium state is 
reached and the drop falls down as a sphere. Dong et al. also investigated the effect of waveform, 
liquid surface tension and viscosity on the formation of pure liquid drops11, 12. Increasing liquid 
viscosity leads to the liquid thread profile changing from flat to a parabolic shape at the early 
stage of ejection. The surface tension doesn’t play an important role until the stretching process. 
For a particulate suspension, the particle loading does not significantly influence the drop 
formation when it is less than 10% volume fraction, but for higher volume fractions of 15 – 40%, 
the large number of particles results in a cone-like structure in the thinning region13. 
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Figure 1.4 Sequence of images of DOD drop formation11. 
 
 
 
1.2.3 Drop impact and spreading 
The behavior of a drop impacting on a substrate relates to multiple parameters, such as, 
impact velocity, drop size, liquid properties, substrate roughness, and wettability. The important 
dimensionless numbers governing drop impact are Weber number  /We
2
0DV , Reynolds 
number  /Re 0DV , Ohnesorge number D /Oh  , and Bond number  /Bo
2gD , 
where ρ , μ , and σ  are liquid density, viscosity and surface tension, respectively; D , and 0V  
are drop diameter and velocity in flight; and g  is gravitational acceleration. Depending on the 
impact conditions, there are six major outcomes: deposition, prompt splash, corona splash, 
receding break-up, partial rebound and complete rebound14, 15.  The spreading behavior of a 
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deposited millimeter-sized drop on the substrate could be divided into kinematic, spreading, 
relaxation, wetting, and equilibrium stages as shown in Figure 1.516, 17. Upon impact, the shape 
of a drop resembles a truncated sphere, and the spreading factor 0= /β D D  increases with time 
0.5t  until = 1β , where D  and 
0D  are the drop base diameter on the substrate and diameter in 
flight, respectively. During the spreading phase, a lamella is ejected from the drop base, and the 
spreading factor increases due to the drop inertia before impact. After the drop reaches its 
minimum height, the air-water interface starts to oscillate, and the liquid is pushed flowing both 
vertically and radially between the drop center and edge during the relaxation phase. Drop recoil 
may occur on more hydrophobic surfaces during this phase. The oscillation of the drop then 
gradually decays by viscous dissipation, and the shape of the drop reaches a spherical cap at the 
end of the relaxation phase. Depending on the surface wettability, the drop further spreads or 
recedes during the wetting phase under the effect of surface tension and liquid viscosity until the 
drop reaches its equilibrium contact angle. The drop base radius versus time for a non-
evaporative drop spreading under capillary force on a complete wetting substrate follows 
Tanner’s law 
0.1~D t 18.  
Instead of the millimeter-sized drops, the drop size used in inkjet printing is usually in the 
range of 10 to 150 µm1. To observe in-situ the impact and spreading behaviors of these pico-liter 
drops, Dong et al. developed a flash photography technique in an inkjet printing system11, 12, 19, 
which enables the studies for the effects of liquid surface tension, viscosity, impact velocity, 
drop size, and substrate wettabilities on the impact and spreading of these inkjet-printed drops17. 
For the inkjet-printed micron-sized and millimeter sized drops with similar Weber and Reynolds 
number (Re ~ 16 and We ~ 32), the drop spreading behaves similarly in all the kinematic, 
spreading, and wetting phases. Similar conclusion are also found by Dam and Clerc20 and Dong, 
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et al19. If the drop contains particles, the increase in the particle loading increases the viscosity of 
the colloidal drop, which in turn slows down the drop spreading process21. Schiaffino and Sonin 
studied the drop impact with different Weber numbers22. At high We, the drop spreads radially 
by the impact-induced dynamic pressure gradient, but, at low We, the drop spreading is driven 
by capillary force.  
 
 
 
 
Figure 1.5 Schematic representation of the spread factors with time for a drop on a dry surface. 
The different lines correspond to an arbitrary choice of possible spreading histories, depending 
on the parameters of the impact17. 
 
 
 
 1.2.4 Drop evaporation and particle deposition 
For a pure liquid drop evaporating on a polymer substrate, three distinctive stages are 
observed23, as shown in Figure 1.6. Once the evaporation initiates, the drop contact line stays 
pinned. The contact area is fixed and the contact angle keeps decreasing until the static receding 
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contact angle is reached. This is the constant contact area mode. In the second stage, the drop 
recedes while the contact angle remains constant, which is known as the constant contact angle 
mode. In the last stage (mixed mode), both the contact angle and contact area decrease until the 
drop completely evaporates. Similar results are also observed on epoxy and glass substrates for 
water and decane drops by Bourges-Monnier and Shanahan24. 
 
 
 
 
Figure 1.6 Schematic diagrams of the three distinct stages in the evaporation process of a droplet 
on a substrate: (a) constant contact area mode, (b) constant contact angle mode, (c) mixed 
mode23. 
 
 
 
The weight evolution of the droplet during the evaporation is measured by Birdi et al25. 
The weight of the drop is found to linearly decrease with time, as shown in Figure 1.7. Hu and 
Larson theoretically modeled the diffusion driven evaporation of the sessile drops when the 
contact line is pinned, which shows good agreements with the experimental results26.  
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Figure 1.7 Comparison of the time-dependent weight based on the model predictions from Hu 
and Larson26 and the experimental results published by Birdi et al.25 for droplets of water with 
radii of 2.01, 2.53, 2.93 mm on glass at T = 22 °C. 
 
 
 
Besides the drop shape evolution, because the evaporation rate peaks near the contact line, 
the fluid flow from the drop center to the drop edge resulted from the pinned contact line, as 
shown in Figure 1.8a27. In a colloidal drop, this radial flow brings the liquid together with the 
particles to the drop edge, and deposited at the contact line. The accumulation of these particles 
enhances the contact line pinning28, and prolongs the constant contact area mode. After the drop 
has completely dried, a vast majority of the particles are deposited at the drop edge forming the 
“coffee ring” effect on a hydrophilic substrate, as in Figure 1.8b27.  
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Figure 1.8 a) Liquid evaporative flux along the drop surface27. b) A dried colloidal drop with 
microspheres29. The scale bar is 1 cm. 
 
 
 
The morphology of the coffee ring effect is also influenced by the properties of the inks 
and substrates. Kuncicky and Velev studied the effects of particle volume fraction and substrate 
wettability on the particle deposition morphologies,30 as shown in Figure 1.9. On a hydrophilic 
substrate, the constant contact area mode dominates, and the particles are carried to the drop 
edge to form a coffee ring, a concave shape deposition. However, on a hydrophobic substrate, 
the constant contact angle mode dictates the drop evaporation process, leaving a convex shape 
deposition on the substrate. Increasing the particle concentration for drops on both hydrophilic 
and hydrophobic substrates leads to more particles depositing at the drop centers, promoting the 
transition from a concave to convex shapes. This transition results from the lack of carrier liquid 
at the late stage of evaporation. 
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Figure 1.9 Categorized particle deposition shape as a function of the particle volume fraction 
and contact angle of the liquid with the substrate. The open circles are experimental results 
circles corresponding to convex shapes, and crosses show concave shapes30. 
 
 
 
This coffee ring effect (non-uniform distribution of the functional materials) in the 
printed deposition seriously harms the performance of the inkjet-fabricated devices. Therefore, 
great efforts have been carried out to eliminate the coffee ring effect. Park and Moon suppressed 
coffee ring effect by generating a Marangoni flow inside the inkjet-printed drops31 with a 
mixture of two solvents. This ink is formulated with a low vapor pressure, low surface tension 
diethylene glycol and high surface tension, high vapor pressure water. Once a drop is printed on 
the substrate, the high vapor pressure, high surface tension liquid evaporates faster at the drop 
edge, which locally reduces the surface tension near the contact line. The surface tension 
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gradient between the drop edge and center enables the Marangoni flow in the opposite direction 
to the evaporative-driven flow, preventing particle accumulation at the drop contact line. Hence, 
uniform deposition is achieved. The Marangoni flow could also be generated by the non-uniform 
temperature distribution along the drop surface by controlling the thermal conductivities of the 
substrates and the carrier liquid32.  
In contrast to the strong coffee ring deposition of spherical particles in evaporating drops, 
the coffee ring effect could also be suppressed in the drops containing ellipsoid particles33. When 
a sessile drop is placed on a substrate, the evaporative flow brings the particles to the drop edge. 
Due to their shape anisotropy, the particles are strongly trapped at the air-water interface, and 
assemble into loosely-packed structures under the effect of long range capillary attractions33, 34. 
This assembled particle network on the air-water interface avoids the particle accumulation at the 
contact line, which suppresses the coffee ring effect.   
 
 
 
 
Figure 1.10 Deposition of spheres and ellipsoids. Images of the final deposition of the ellipsoids 
a) and b) spheres after the evaporation. Insects are particle shapes, and α is the particle aspect 
ratio33. 
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Yunker et al.33 also examined that for mixtures of ellipsoid particles and spherical 
particles. When the spherical particle diameter is smaller than the minor axis of the ellipsoid 
particle, they could move under or pass through open branched aggregations of the ellipsoid 
particles, and form the coffee ring at the drop edge. However, if the diameter of the spherical 
particles is larger than the minor axis of the ellipsoid particles, they cannot reach the drop edge. 
Hence, the coffee-ring is suppressed.  
 
1.3 Objectives 
In this research, we aim to develop the fundamental understanding of the complex 
transport phenomena involved in the inkjet printing process. The proposed research focuses on 
the control of the impact, spreading, coalescence, evaporation and particle deposition in the 
inkjet-printed drops to develop novel methodologies for fabricating various structures applied in 
printable electronics and photovoltaics. The specific objectives of the present study are: 
(a) Study the impact and spreading of inkjet-printed single droplets on a solid substrate 
with low Weber numbers (We ~ O(1)) in which both the drop inertia and capillary effect play 
important roles. 
(b) Develop the droplet oscillation models to analyze and compare the oscillation of a 
drop impact on a hydrophobic substrate with and without a pre-deposited sessile drop. Also 
experimentally study the effect of liquid surface tension and viscosity on oscillation amplitude 
and frequency of these single and two consecutively printed drops. 
 
15 
 
 
 
(c) Investigate the coalescence process of the inkjet-printed pico-liter drops in which 
capillary forces and evaporation are the dominating mechanisms, and the gravitational effect is 
negligible.  
(d) Examine the effect of jetting delay and the drop spacing on the colloidal drop 
coalescence, and particle deposition dynamics. 
 (e) Utilize the coffee ring phenomenon to explore inkjet printing technique as a 
methodology for fabricating nanoscale structures.  
(f) Investigate the mechanism for the formation of various particle deposition 
morphologies inside inkjet-printed colloidal drops.  
(g) Develop quantitative models for predicting the characteristic lengths of deposition 
patterns under different droplet drying conditions and colloidal properties. 
(h) Study the evaporation, infiltration and particle deposition behaviors during inkjet 
printing process. 
(i) Develop the fabrication process for the silver nanotube forest on solid surfaces. 
(j) Investigate the behavior of droplets impacting on porous surfaces infused with the 
miscible/immiscible liquids.  
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CHAPTER 2 : EXPERIMENTAL MTHODS 
 
For in-situ observation of drop evaporation and particle self-assembly processes of inkjet-
printed colloidal drops from side and bottom views, a homemade experimental setup 
incorporating the printing and observation systems is used as shown in Fig. 2.1. 
A waveform generator (JetDrive) is used to adjust the voltage waveform driving the 
piezoelectric printhead with a diameter of 50-60 μm (MicroFab MJ-Al-01) to generate pico-liter 
drops. The drops are printed on a substrate supported by a microscope stage (Ludl MAC 6000). 
The printhead, substrate and the microscope stage are enclosed in a humidity chamber to control 
the drop evaporation conditions. A high resolution SensiCam QE CCD camera (Romulus, 
Michigan) or high speed camera (Phantom V210) with a Navitar 12× Zoom lens (Rochester, 
New York) and a halogen strobe light (Perkin Elmer) are used to capture side-view images for 
drop formation, impact, spreading, coalescence and evaporation processes. The videos of these 
processes are captured based on the flash photography technique introduced by Dong et al.11. 
During evaporation of colloidal drops, the particle motion and deposition processes are observed 
by using a Zeiss inverted fluorescence microscope (Thornwood, New York) with a 40× oil 
objective. Bottom-view images are captured by a Sony XCL-5005CR CCD camera (Park Ridge, 
New Jersey) at 10 frames per second. The waveform generator, two CCD cameras and the strobe 
light are synchronized with a delay generator (SRS DG645, Sunnyvale, California) to enable the 
flashphotography technique.       
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Figure 2.1 Schematic of the experimental setup for in-situ observation of droplet evaporation in 
inkjet printing. 
 
 
 
2.1. Materials preparation 
In this study, colloidal drops are printed to study the particle deposition dynamics in the 
inkjet printing processes. The stability of colloids depend on the particle surface property, 
concentration, and density etc. Hence, a stable ink without particle aggregation is the prerequisite 
for the inkjet printing studies and applications. When formulating the inks, particle diameters in 
the colloids should be less than 2% of the nozzle diameter to ensure stable jetting35. Increasing 
the particle size or concentration may dramatically increase the probability of nozzle clogging 
during printing. In this study, carboxylate-modified polystyrene beads of 1.1 µm, 100 nm and 20 
nm, and sulfate-modified polystyrene beads of 20 nm and 200 nm are purchased from Invitrogen. 
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Silver ink with particle size of 8 – 15 nm (UTDAgIJ) is purchased from UTDots. These inks are 
diluted into different concentrations after 15 min of sonication in a water bath sonicator (Cole-
Parmer 8891) to perform different experiments. After dilution, the ink is sonicated for 5 min for 
homogenization.   
Substrate silanization and plasma treatment are used to obtain substrates with various 
degrees of wettability. Glass microscope cover slips (Bellco, ~150μm thick) were consequently 
cleaned by sonicating in Sparkleen/DI water solution, ethanol and acetone for fifteen minutes 
each. Then, they were rinsed with DI-water and immediately dried in a stream of compressed air. 
Argon gas plasma treatment for 2 minutes for both sides is accomplished at 18W and 250mtorr 
in Harrick Plasma PDC-32G. By soaking the plasma-treated substrates in a 5mM 
octadecyltrichlorosilane (OTS (CH3-(CH2)17-SiCl3)) solution in hexane (both from Sigma 
Aldrich and used as received) for one hour followed by thermal annealing under vacuum at 60 
°C for 1 hour, the silanization is completed, and the glass substrate becomes hydrophobic. 
Substrates with various wettabilities are achieved by subjecting the already silanized surfaces to 
Ar plasma treatment with different durations (2 seconds to 2 mins), and there is no measureable 
changes in the surface roughness for these substrates. 
The static contact angle, static receding and advancing contact angles of droplets on 
various substrates are measured by a homemade goniometer setup. A micropipette is used to 
gently place a drop of water on top of a substrate to be measured. Side-view images of the drops 
are captured with a camera (Basler a601-f) equipped with a Navitar Zoom 7000 lens and a light 
source (Fiber-Lite MI-150). The images are measured with ImageJ to obtain the drop contact 
angles on substrates. To measure the static advancing/receding contact angle, a pipette is used to 
continuously add/remove liquid from the drop. The advancing/receding contact angle is obtained 
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by measuring the contact angle of the drop just before spreading/receding from series of captured 
images. 
 
 
 
 
Figure 2.2 Schematic of the goniometer setup to measure contact angle of the liquid drop. 
 
 
 
2.2. Process control 
The piezoelectric printheads with 50 or 60 μm orifice diameter used in this research are 
from MicroFab Technologies Ltd. These printheads are driven by voltage pulses sent by Jetdrive 
in which the voltage waveform driving the jetting could be set. To ensure a stable jetting, 
negative pressures (whose values depend on the printed inks) is applied to the ink reservoir 
connected to the printhead. This negative pressure is controlled by tuning the pressure and 
vacuum in a pneumatic pressure regulator purchased from MicroFab. During the purging and 
cleaning, a positive pressure is applied to the ink reservoir through the pressure regulator, which 
constantly pushes liquid out of nozzle as a straight stream. 
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An enclosed humidity chamber housing the printhead, camera, strobe-light and 
microscope is used to control the drying conditions of printed droplets. The schematic of the 
system to control the environmental humidity is shown in Fig. 2.3. The dry compressed air is 
pumped into the chamber to reduce the relative humidity, or a beaker of water to carry moisture 
into the chamber for increasing the relative humidity. The humidity inside the chamber could be 
controlled between 10% and 90%, and the humidity in the chamber is measured with two OM-
DVTH humidity sensors. 
 
 
 
 
Figure 2.3 Schematic of the humidity chamber. 
 
 
2.3. In-situ observation 
Three methods of drop observation are conducted for research. A) Side-view observation 
of the drop formation at the nozzle orifice; B) side-view observation of the drop impact, 
spreading and evaporation; C) bottom view observation of the drop evaporation and particle self-
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assembly. The side-view and bottom-view cameras are synchronized with a drop ejection 
through a delay generator. 
2.3.1. Drop formation 
In experiments, the side-view observation of the drop formation is used to examine the 
printing instability, drop size and diameter. The side-view imaging system comprises a Sensicam 
QE CCD camera coupled with a halogen strobe (Perkin Elmer) as shown in Figure 2.1. The 
mechanism for capturing the drop formation process is flashphotography shown in Figure 2.4. 
Only one image is captured for each single drop, and the drop formation process could be 
obtained by continuously increasing the delay times of the side-view imaging system (camera 
and strobe) and the printhead by 10 µs. Drop diameter and speed in flight are measured with 
IMAGEJ (http:// rsbweb.nih.gov/ij/). 
 
 
 
 
Figure 2.4 Schematic of flashphotography for visualization of the drop formation process. 
 
 
 
2.3.2. Drop impact, spreading, and evaporation 
Side-view images for drop impact and spreading are captured with the same side-view 
imaging system. During the observation, the camera is focused on a location of a substrate where 
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a drop impacts. The camera runs at 10 Hz when using the high resolution Sensicam QE CCD 
camera, and 50 kHz for Phantom V210 high speed camera. After taking the images, the drop 
diameters on the substrate and contact angles are measured with IMAGEJ. However, during the 
last stage of evaporation, the drop contact angle becomes smaller than 5° which makes accurate 
measurement impossible.  
 
2.3.3. Particle self-assembly 
After drop impact on a substrate, the evaporation and particle self-assembly is observed 
by SONY XCL-5005CR camera installed on an inverted fluorescent microscope (Zeiss Axio 
Observer). The resolution of captured images varies from 3.45 µm × 3.45 µm to 0.63 µ× 0.63 
µm depending on the lenses. With a 40× oil objective lens, the system allows the observation of 
the deposition behaviors of individual fluorescent particles with 1.1 µm diameter. Fluorescent 
filter sets 38 endow GFP (excitement 450/490, and emission 500/550) and 45 HQ texas red 
(excitement 540/580, and emission 595/665) are used. The camera is triggered by a delay 
generator at 10 fps to compare the results from side-view observations. 
 
 
  
 
  
23 
 
 
 
CHAPTER 3 : OSCILLATION AND RECOIL OF SINGLE AND CONSECUTIVELY 
PRINTED DROPLETS 
3.1 Introduction 
Drops impact on a dry or a wet surface can result in different morphologies, from 
spreading and splashing to receding and rebounding, depending on the impact velocity, drop size, 
and properties of the liquid and substrate36. Yarin14 carried out a detailed review of drop impact 
on a solid substrate and on a shallow liquid film. Majority of studies focused on high-Weber-
number drop impact that leads to crown-shaped splash37-40. However, for applications such as 
inkjet printing and spray deposition, low-Weber-number impact leading to drop spreading or 
"deposition" is a preferred process for material deposition. Drop spreading dynamics and the 
subsequent relaxation of low-Weber-number impact are important for a better control of the 
deposition morphology. 
For the regime of "deposition" impact, the drop spreading dynamics can be distinguished 
into five consecutive phases: kinematic, spreading, relaxation, wetting, and equilibrium (see 
Figure 3.1)16. In the kinematic phase upon drop impact, the drop spreading radius increases with 
5.0t  until it reaches the drop in-flight radius. In the following drop spreading phase, the contact 
line advances under the influence of surface tension, viscosity, and drop impact velocity. When 
the drop impact kinetics is either consumed by viscous dissipation, transferred into surface 
energy, or the combination of both, the drop reaches its minimum height and the drop spreading 
radius at the end of the spreading phase is often referred to as the primary spreading radius. 
With the drop transitioning into the relaxation phase, the air-water interface oscillates and pushes 
the liquid to flow both radially and vertically inside the drop. Drop recoil can occur during this 
phase and recoil becomes more significant with the decrease in substrate wettability41, 42 and 
Ohnesorge number (  0Oh D ), or with the increase of the Weber number 
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(  20We UD )
43. Here,   is the liquid density, 
0D  
the drop in-flight diameter,   the liquid 
viscosity, U  the impact velocity, and   the surface tension. Drop oscillation then gradually 
decays by viscous dissipation and the drop reaches a spherical cap shape at the end of the 
relaxation phase. Additional spreading occurs in the wetting phase until the drop reaches its 
equilibrium contact angle. In the wetting phase, the drop spreading radius versus time for a non-
evaporative drop on a very hydrophilic substrate follows the Tanner’s Law44, 1.0~ tR , as a result 
of the competition between surface tension and viscosity. 
 
 
 
 
Figure 3.1 Schematic representation of droplet spreading radius as a function of time for drop 
impact on a hydrophilic substrate at low and high We numbers. 
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For a single droplet impact onto a sessile drop of We >> 1, drop spreading dynamics is 
expected to be similar to a single drop impact on a thin liquid film. In both cases, the condition 
of the substrate plays an important role13, 14. Fujimoto et al.45, 46compared drop impact onto a 
sessile drop with that on a dry surface. The results show that the threshold velocity for drop 
impact to produce crown-shaped splash decreases in the presence of a sessile drop, as compared 
to a dry surface.  
Until now, most studies have been concerned with drop impact at large Re and We 
numbers (e.g.,  0Re UD = 100 - 200 and We >> 1)
47. In such a regime, the inertia is more 
dominant than the surface energy. For inkjet-printed micron-sized droplets, strong surface 
tension effects upon impact12, 17, 20, 47, 48 lead to different droplet spreading and oscillation 
damping behaviors than millimeter-sized drops of large Re and We numbers. Figure 3.2 
summarizes the parameter space of recent studies14-18 of inkjet-printed micron-sized drops in a 
We-Oh plane. The regime of We < 1 and Oh < 1, where inertia, capillary, and viscosity 
simultaneously affect the drop impact and spreading, has only been explored by Son el al.47 and 
van Dam and Le Clerc20 using inkjet-printed water droplets on substrates with different 
wettabilities. The effects of surface tension and viscosity on drop oscillation and recoil, 
especially for consecutively printed drops, have not been investigated.   
In this study, recoil and oscillation of inkjet-printed drops impact on a dry surface and on 
another sessile drop of the same liquid are examined using a high speed camera. Substrate 
wettability is systematically modified to reach 0 - 90 equilibrium contact angle while keeping 
surface roughness the same. Pico-liter drops of water, water/glycerin mixture (W/G), and 
water/glycerin/isopropanol mixture (W/G/I) are used to independently examine the effects of 
surface tension and viscosity. We focus on the low We number impact that results in drop 
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deposition. Schematic illustration of droplet spreading radius as a function of time for drop 
impact on a hydrophilic substrate at low and high We numbers is shown in Figure 3.1. Due to 
different drop inertia, the kinematic, spreading, relaxation, and wetting phases for We >> 1 and 
We ~ O (1) are expected to be different. Since the kinematic phase usually takes only ~ 10 s, at 
most one data point can be obtained within this time frame by changing the delay time between 
drop ejection and camera exposure. In addition, the initial drop impact becomes less important in 
the wetting phase. Much attention of this study is paid to the spreading and relaxation phases. 
The similarities and differences of drop impact on a dry surface and a sessile drop are presented. 
A single-degree-of-freedom vibration model is used to predict the height oscillation of single and 
combined drops on a hydrophobic substrate. The oscillation frequency and damping amplitude 
obtained from model predictions are in good agreement with our experimental results of drop 
oscillation on a hydrophobic substrate with and without a pre-deposited sessile drop. 
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Figure 3.2 Summary of the parameter space in a We-Oh plane for studies on inkjet-printed drops. 
 
 
 
3.2 Experimental method 
In the experiments, pico-liter drops were generated using a piezoelectric-driven ink 
jetting nozzle with a diameter of 60 µm (MicroFab MJ-AL-01). A Phantom v12.1 high-speed 
camera (Wayne, New Jersey) with a Navitar 12 Zoom lens (Rochester, New York) and a 
microscope excitation light source (X-Cite 120Q) were used to capture drop impact, spreading, 
and relaxation on a substrate with and without a pre-deposited sessile drop. Drop ejection and 
camera system were synchronized with a delay generator (SRS DG645, Sunnyvale, California). 
Two drops with controlled temporal delay, created using a waveform generator (MicroFab 
Jetdrive) and a delay generator, were printed consecutively on top of each other. Images were 
taken at 50,000 fps with pixel resolution of 256 × 128 pixels at 1.667 µm/pixel. To obtain better 
temporal resolution, the high speed camera is combined with the flash photography technique12 
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using different delay times between the camera exposure and drop ejection (e.g., 5, 10, 15 µs), 
based on the high repeatability nature of the inkjet printing process.  
Besides pure DI-water, a mixture of water and glycerin with a weight ratio of 52:48, and 
a mixture of water, glycerin, and isopropanol 53:34:13 in weight were used to independently 
examine the effects of viscosity and surface tension on drop relaxation. The water/glycerin 
mixture has a viscosity of 5 cP, five times that of water, but a surface tension of 68 mN/m similar 
to 72 mN/m for water and a density of 1.1 g/cm3 slightly higher than 1 g/cm3 for water. 
Comparing the properties of the water/glycerin/isopropanol mixture (W/G/I) with the 
water/glycerin mixture (W/G), the surface tension decreases to 35 mN/m for W/G/I while the 
density becomes 1.04 g/cm3 and the viscosity remains about the same. The resulting We numbers 
for W, W/G and W/G/I drops are 0.49, 0.58, and 1.06, and the K values (K = WeOh-2/5) for W, 
W/G, and W/G/I are 2.6, 1.6 and 2.59, respectively. 
To obtain substrates with varying degrees of wettability, glass microscope cover slips 
(Bellco, ~150μm thick) underwent a sequence of cleaning, silanization, and plasma treatment. 
Substrates were cleaned by sonicating in Sparkleen-DI water solution, ethanol and acetone for 
fifteen minutes each, immediately dried in a stream of compressed air and treated with Argon gas 
plasma (2 minutes each side at 18W and 250 mtorr, Harrick Plasma PDC-32G). Silanization 
consisted of soaking the substrates for one hour in a 5mM solution of octadecyltrichlorosilane 
(OTS (CH3-(CH2)17-SiCl3)) in hexane (both from Sigma Aldrich and used as received). This 
silanization was carried out inside a dry glove box with a controlled N2 atmosphere to minimize 
excessive polymerization of the water-sensitive OTS molecules. Varying degrees of wettability 
(different equilibrium contact angle 
eq ) were obtained on the substrates by subjecting the 
already silanized surfaces to time-varying treatments of Ar plasma. In the current study, the time 
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of treatment from 2 to 60 seconds at a power level of 6W and 250 mtorr Argon pressure was 
used to produce systematically varied wettability of glass surfaces with no measurable change in 
surface roughness. Equilibrium contact angles of the substrates were measured by using a 
goniometer setup and the LB-ADSA drop analysis plug-in of Image J, where the drop surface 
was assumed to be a spherical cap and the gravitational effect was neglected due to a very small 
Bond number (Bo = rgD0
2 s < 0.005, where g the gravitational acceleration). 
The drop in-flight diameter and impact velocity were kept at 60µm and 0.77 m/s 
respectively. The ambient temperature maintained at 22 °C and the relative humidity was around 
50 %for all experiments. For a drop impacting on a dry surface, the starting time (t = 0) is 
defined as the bottom of the drop touches the substrate. Similarly, t = 0 for the case of a drop 
impacting on a pre-deposited sessile drop is when the second drop contacts the top of the first 
drop.   
 
3.3 Results and discussion 
3.3.1 Spreading and oscillation of a single drop 
A. Effect of substrate wettability 
      Figure 3.3 shows snapshots of a single DI-water droplet impact on substrates with 
equilibrium contact angle
eq  of 0°, 45°, and 90°. Upon impact, the drop deforms under inertia 
until it becomes a disc like shape around t = 25 µs, where the drop reaches its minimum height.  
At this time, the drop kinetic energy is partly converted into surface energy due to increased 
surface area and partly consumed by viscous dissipation. It has been reported that, at a high 
Weber number (We >> 1), inertia dominates the drop impact and during the initial spreading 
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regime (the kinematic and spreading phases shown in Figure 3.1) the drop spreading kinetics, 
i.e., drop radius versus time, is independent of the substrate wettability17. However, for low-
Weber-number drop impact (e.g., We = 0.49 for DI-water droplets in this study), both inertia and 
capillary effects are important in the initial spreading regime. As shown in the drop spreading 
radius versus time plot of Figure 3.4a, in the initial fast spreading regime (from drop impact up 
to 18-33 µs, depending on the substrate wettability), the spreading radius R versus time plot 
shows three different slopes for wetting angles of 0°, 45°, and 90°. The uncertainties of drop 
radius and height measurements in this study are 0.83µm. 
      Both theoretical and empirical approaches have led to various correlations for the contact line 
mobility relationship. For example, for Ca < O(1), the Hoffman-Voinov-Tanner law44, 49, 50 gives
Ca~33 eq  , where the capillary number  /Ca u  and u is the contact line velocity. With 
other conditions maintain the same, different values of
eq result in different contact line 
mobilities. The fastest capillary spreading occurs at 0eq , where the driving force,
33
eq  , is 
the largest. The dependence of drop spreading kinetics on the substrate wettability is a result of 
the capillary effect in the initial spreading regime. 
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Figure 3.3 Snapshots of single water droplets impact on substrates of different wettabilities. For 
all cases, the drop velocity is 0.77 m/s, the diameter is 60 µm, and We = 0.49. 
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Figure 3.4 Single water droplets impact on substrates of different wettabilities. (a) Drop 
spreading radius versus time and (b) evolution of the drop height with time. The uncertainties of 
drop radius and height measurements are 0.83µm. 
 
 
 
At the end of the initial spreading regime, drop reaches its minimum height (e.g., t  25 
s) where the kinetic energy reduces to zero. However, at this stage, the shape of the drop is far 
from equilibrium. Due to inertia, a large amount of liquid in the drop is squeezed to the contact 
line region leading to a large curvature at the air-water interface near the contact line, which 
locally increases the liquid pressure. A pressure gradient is hence induced between the center and 
the periphery of the drop pushing the liquid to flow inward to the drop center41 until the drop 
reaches a maximum height (t  45 s in Figure 3.3) with a large local curvature at the center of 
the drop surface. A reversed liquid pressure gradient is then set up and causes an outward liquid 
flow until a large local curvature builds up again at the contact line region to stop the liquid 
motion. Under the effect of the surface tension and inertia, the liquid inside the drop oscillates 
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back and forth between the contact line and the center of the drop in the relaxation phase until 
the oscillation is completely damped down by viscous dissipation and the drop shape reaches a 
spherical cap. It is important to note that, in contrast to the cases with We >> 1 where the contact 
line is often pinned during the drop relaxation phase of pico-liter drops17, for drops with We ~ O 
(1), capillary spreading takes place during drop oscillation in this study. As shown in Fig. 3.4a 
for the cases of 
W
eq ~ 0° and 
W
eq = 45°, during the relaxation phase (from the end of initial 
spreading to about t = 100 µs), the drop spreading radius increases while the height of the drop 
oscillates, as shown in Figure 3.4b.   
Figure 3.4b also shows that, upon drop impact, it takes a longer time (~ 270 µs) for the 
viscous stress to dissipate the height oscillation of a drop impact on a hydrophobic substrate (
eq
= 90°). In contrast, for a hydrophilic substrate (
eq ~ 0° or 45°), the stronger capillary spreading 
prior to the relaxation phase leads to a larger drop contact area on the substrate, which in turn 
increases the viscous dissipation51,52 and results in an relaxation phase of less than 100 µs. This 
can also be clearly observed in Figure 3.3, where the drop shape changes between t = 145 and 
165 µs on the substrate of 
W
eq = 90° but not on the other two cases with 
W
eq ~0° and 
W
eq = 45°. 
After drop oscillation, the capillary effect dominates further spreading of the drop in the 
wetting phase until it reaches equilibrium. As shown in Figure 3.4a, for a hydrophilic substrate of 
eq ~ 0°, the contact line advances faster in the wetting phase due to a stronger capillary driving 
force, 
33
eq  . For a hydrophobic substrate of eq = 90°, however, the drop already reaches its 
equilibrium contact angle at the end of initial spreading and hence no further spreading is 
observed in the wetting phase. 
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B. Effect of surface tension and viscosity 
The effects of surface tension and viscosity on drop spreading and oscillation are then 
investigated based on a hydrophobic substrate (
eq = 90°). The drops of water (W), 
water/glycerin mixture (W/G), and water/glycerin/isopropanol mixture (W/G/I) are used. As 
shown in the drop spreading radius versus time plot of Figure 3.5a, at the end of the initial 
spreading regime where the drop reaches the minimum height, the water drop spreads the least 
extent due to its high surface tension (
w = 72 mN/m). For the W/G/I drop of the same viscosity 
as that of W/G (
W/G = W/G/I  = 
5105  Pa·s), its lower surface tension (
w = 38mN/m) leads to 
farthest spreading among three drops.  
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Figure 3.5 Effects of viscosity and surface tension on drop spreading and oscillation on a 
hydrophobic surface. (a) Drop spreading radius as a function of time and (b) time evolution of 
the drop height. The uncertainties of drop radius and height measurements in this study are 
0.83µm. 
 
35 
 
 
 
Similar to water, the W/G and W/G/I drops also oscillate after impacting on a 
hydrophobic substrate. As shown in Figure 3.5b, it takes about 250 µs for the height oscillation 
of a water drop ( 5
W 10
 Pa·s) to damp down, while the oscillation of the W/G and W/G/I 
drops last less than 100 µs due to stronger viscous dissipation resulted from a higher liquid 
viscosity. The results also show that, by comparing the damping time of the W/G and W/G/I 
drops, surface tension does not play a significant role in oscillation damping for a single drop 
impacting on a hydrophobic substrate at a low Weber number. 
 
3.3.2 Coalescence, recoil, and oscillation of two consecutively printed drops 
A. Effect of substrate wettability 
Now consider the scenario when a drop impacts on a sessile drop consisting of the same 
liquid. Figure 3.6 shows snapshots of a water drop of 30 µm in-flight radius impact on another 
evaporating water drop sitting on substrates of 
eq ~0°, 45°, and 90°, respectively. Here, t = 0 is 
when two drops first touch each other and the impact velocity is at 0.77 m/s. As shown in Figure 
3.6, upon impact of the second drop on top of the first drop (e.g., t = 4 µs), the local mean 
curvature of the air-water interface at the neck region between two drops is very large. The 
unbalanced surface tension and pressure in the neck region results in a fast expansion of the neck 
width53, pumping liquid from both drops into the neck region. The contact angle of the first drop 
on substrates is hence decreased. For the substrate of 
eq  = 90°, the contact angle of the first 
drop decreases below its static receding contact angle and drop recoil is observed at t = 20 - 30 
µs, as shown in Figure 3.6 at t = 24 µs. However, recoil is not observed on hydrophilic substrates 
of eq ~ 0° and 45°. For such cases, the dynamic contact angle of the first drop is still larger than 
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the static receding contact angle. This can be explained by the increase of contact angle 
hysteresis with substrate hydrophilicity54. 
 
 
 
 
Figure 3.6 Snapshots of a water drop impact on a sessile drop on substrates of different 
wettabilities. The drop impact velocity is 0.77 m/s, diameter is 60 µm, and We = 0.49. 
 
 
 
It is also observed that, at t = 24 µs in Figure 3.6, a tip appears at the center of the drop 
surface for substrates of 
eq = 45° and 90°. Note that, for 
W
eq ~ 0°, similar phenomenon is also 
observed at around t = 30 µs. Because the drastic capillary driven expansion of the neck region is 
faster than the downward motion of the second drop, and the liquid in the center top region of the 
second drop consequently lags behind. This tip at the drop top surface results in a pressure 
gradient to accelerate the liquid to flow downward, and gives rise to an inertia pressure overshoot 
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which in turn pushes the liquid radially toward the edge of the drop22. This pressure overshoot 
leads to a crater like depression of the combined drop on a hydrophilic substrate of 
eq ~ 0° at t = 
64 - 84µs, as shown in Figure 3.6. On a hydrophobic substrate, however, the overshoot increases 
impact inertia causing the combined drop to spread more than the equilibrium spreading radius 
during initial spreading. As a result, the surface tension drives the liquid from periphery back to 
the center of the combined drop, causing the contact angle to be smaller than the static receding 
contact angle where a second recoil is observed at t = 64 – 84µs. 
Similar to the effect of substrate wettability on drop oscillation time for a single drop, it 
takes a shorter time for the oscillation of a combined drop to be dissipated on a hydrophobic 
substrate compared to a hydrophilic one, i.e., the oscillation lasts 144 µs on a substrate of 
eq ~ 0° 
versus more than 204 µs on a substrate of 
eq  = 90° as shown in Figure 3.6 for a combined water 
drop. 
 
B. Effect of viscosity and surface tension 
Figure 3.7 shows snapshots of W/G and W/G/I drops impact on a sessile drop of the same 
liquid on a hydrophobic surface of eq = 90°. The corresponding drop spreading radius versus 
time and drop height versus time for W, W/G, W/G/I drops are compared in Figure 3.8. In 
contrast to water drop, no recoil and tip are observed for W/G and W/G/I drops at t = -3 –33 µs. 
Higher viscosity of both W/G and W/G/I drop slows down droplet coalescence (i.e., neck region 
expansion)53, giving enough time for the second drop to provide the liquid needed for neck 
expansion. In addition, no second recoil is observed as a result of higher viscous dissipation and 
the lack of pressure overshoot leads to the absence of more than equilibrium spreading radius. 
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The two recoils for water drop and the lack of recoil in W/G and W/G/I drops can be clearly 
observed in the spreading radius versus time plot of Figure 3.8. Figure 3.7 also shows that, due to 
stronger viscous dissipation, the oscillations of the combined W/G and W/G/I drops are both 
damped down in ~ 217 µs much less than that of 500 µs for water drop as shown in the drop 
height versus time plot in Figure 3.8b. Similar oscillation decays for W/G and W/G/I also 
indicate that the effect of surface tension does not play a significant role in oscillation damping. 
 
 
 
 
Figure 3.7 Snapshots of high viscous drops impact on a sessile drop of the same liquid sitting on 
hydrophobic substrates (θeq = 90°). The drop impact velocity is 0.77 m/s, diameter is 60 µm, 
WeW/G = 0.57, and WeW/G/I = 0.97. 
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Figure 3.8 Effects of surface tension and viscosity on spreading of combined drops. (a) Drop 
spreading radius as a function of time and (b) time evolution of the drop height. The 
uncertainties of drop radius and height measurements are 0.83µm. 
 
 
 
3.3.3 Comparison between drop impact on a dry surface and on a pre-deposited sessile drop 
A. Recoil in drop impact on a sessile drop 
When two water drops consecutively impact on a dry substrate, due to drop coalescence, 
the spreading and oscillation of the combined drop differ from that of a single drop. Since the 
jetting delay between two drops is 0.02s, much longer than the oscillation and spreading time for 
the single drop, the first drop has already equilibrated into a spherical cap before the impact of 
the second drop. Moreover, the jetting delay is only about 0.6% of the time for a single water 
drop to evaporate. The effect of evaporation of a water drop is hence neglected in this study. 
Figure 3.9 shows the comparison between drop impact on a dry surface and on a sessile 
drop. In contrast to a single drop that continuously spreads on a hydrophobic substrate until it 
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reaches an equilibrium contact angle, two stages of drop recoil as discussed in Sec 3.3.2A are 
observed for the combined drop as a result of drop coalescence as shown in Figure 3.9. It has 
been reported that on a hydrophobic substrate, no recoil is observed for low-Weber-number drop 
impact on a dry surface, while increasing the Weber number can result in the emergence of drop 
recoil15. It can hence conclude that, drop impact on another sessile drop is capable of decreasing 
the threshold We number for drop recoil. 
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Figure 3.9 Spreading and oscillation of single and combined droplets on hydrophobic substrates. 
(a) Drop spreading radius as function of time and (b) evolution of drop height with time. The 
uncertainties of drop radius and height measurements are 0.83µm. 
 
 
 
B. A single-degree-of-freedom vibration model of drop height oscillation on a hydrophobic 
substrate 
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When a drop impacts on a surface or on a sessile drop, the single or combined drop 
deforms and spreads under the effects of inertia and surface tension, causing the drop to oscillate 
between minimum and maximum drop heights. During oscillation, energy is dissipated by 
viscous stress, which eventually brings the drop to rest. Treating drop oscillation on a 
hydrophobic substrate as a single-degree-of-freedom vibration system consisting of mass, spring, 
and damper, the inertia resulted from drop impact is given by  
 HRF n
3
iner ~   (3-1) 
where nR  is the drop nominal radius and  3 43 VRn  , V is the volume of the single or 
combined drop, H is the drop height. When the drop shape deviates from a spherical cap, the 
surface tension force works to retain a spherical cap shape and it is scaled as 
  
eqHHF -~sur   (3-2) 
During the drop oscillation phase, the viscous drag force for oscillation damping is scaled 
as 
 HRF n
~vis  (3-3) 
Therefore, the height oscillation of both single and combined drops governed by inertia, 
surface tension and viscous drag forces can be balanced by 
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where the coefficient C1 is related to oscillation amplitude, C2 is related to frequency, and the 
oscillation damping amplitude, )(tH , is given by 
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where 
0H  
is the initial amplitude of the oscillation when the drop first reaches its minimum 
height at t0. During oscillation, liquid inside the drop flows both radically and vertically. On a 
hydrophilic substrate, the drop spreading radius is larger than that on a hydrophobic substrate, 
thus the stronger radical motion of the liquid plays a more important role in oscillation damping. 
However, the single-degree-of-freedom model considered here is only appropriate for the drops 
oscillating on a hydrophobic substrate where the vertical flow is more dominant during 
oscillation. 
 
 C. Height oscillation  
It is found that for C1= 6.28, the damping of the oscillation amplitude calculated by Eq. 
(3-5) best fits to the experimental data of the height oscillation of a single drop on a hydrophobic 
substrate shown in Figure 3.9b. With the same value for C1, the evolution of the oscillation 
amplitude for the combined drops are calculated by using Eq. (3-5). Note that the effect of 
evaporation is neglected in the amplitude calculation. As shown in Figures 3.8b and 3.9b, the 
results of the single-degree-of-freedom vibration model is in good agreement with the 
experimentally observed drop oscillation dynamics on hydrophobic substrates for both single and 
combined water, W/G, and W/G/I drops. The single-degree-of-freedom vibration model, can be 
used to explain the effect of viscosity to mass ratio on oscillation damping, as shown in the 
exponent of Eq. (3-5). The model can also predict the slower oscillation damping of a combined 
water drop as compared with a single drop as shown in Figure 3.9b: the volume of the combined 
drop is twice as that of the single drop and a larger value of Rn leads to a larger oscillation 
amplitude in Eq. (3-5), thereby a longer damping time. Similarly, as shown in Figure 3.8b, faster 
oscillation damping of W/G and W/G/I drops compared with the water drop can also be 
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predicted with a larger viscosity value in Eq. (3-5). Moreover, the absence of surface tension 
term in Eq. (3-5) indicates that the surface tension does not play an important role in oscillation 
damping. This can be observed in Figure 3.5b and 3.8b for both single and combined W/G and 
W/G/I drops.  
In addition, the period of height oscillation can be rewritten as 
 


3
2
1 nRC
f
T   (3-6) 
and can be scaled with the oscillation period of a combined water drop 
WWWW RCT 
3
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Equation (3-7) indicates that, the mass and surface tension rather than viscosity are the 
major factors influencing the drop oscillation period. The scaled oscillation periods of the single 
and combined water and W/G drops are shown in Figure 3.10, based on measurements from 
Figures 3.8b and 3.9b. It is found that the scaled periods of the single water drop, combined 
water drop of 0.02s jetting delay, combined water drop of 0.5s jetting delay, and combined W/G 
drop of 0.02s jetting delay all fit fairly well with the calculated curve for a water drop (
w  ) 
for the condition considered. As shown in Figure 3.10, although the viscosity of W/G is 5 times 
larger than that of water, its surface tension 94% of water leads to an oscillation period close to 
the water curve calculated from Eq. (3-7). The error bars in Figure 3.10 are standard deviations 
of several repeating experiments.  
By neglecting the evaporation of the first W/G/I drop, the scaled period of the height 
oscillation, 
WTT , based on Eq. (3-7) is 1.37. However, the experimentally measured scaled 
period is 1.07. The volatile isopropanol owning to a 5.7% volume decrease during the 0.02 s 
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jetting delay causes the drop density between W/G and W/G/I and the viscosity identical to W/G. 
Thus, the damping rate, which is related to density, viscosity and drop volume, is not 
significantly affected by evaporation. However, the time-dependent concentration of the 
isopropanol significantly affects the surface tension of the combined drop, thereby affecting the 
oscillation period. Using Eq. (3-10) to estimate the oscillation period of a combined W/G/I drop 
without considering the effect of evaporation becomes inappropriate. 
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Figure 3.10 Scaled oscillation period of the water and W/G drops as a function of scaled drop 
mass. 
 
 
 
3.4 Conclusion 
In this paper, the recoil and oscillation of single and two consecutively printed drops on 
substrates of different wettabilities are examined by side-view images using a high speed camera. 
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The results show that, for a single droplet impact on a dry surface at We ~ O(1), both inertia and 
capillary effects play important roles in the initial spreading regime leading to substrate 
wettability dependent spreading kinetics before the droplet starts to oscillate. This observation is 
very different from the inertia-dominated drop impact at We >> 1, where variations in drop 
spreading kinetics with substrate wettability are negligible.   
On a substrate of higher wettability, drop oscillation decays faster due to its stronger 
viscous dissipation resulted from a longer liquid oscillation path parallel to the substrate. Drops 
with a high viscosity (W/G and W/G/I) oscillate shorter in time than low viscous drops (water). 
Similar results on the effect of wettability and viscosity on drop oscillation time are found for the 
combined drop after a drop impacts on a sessile drop of the same liquid.  
It is found that, when a drop impacts on an evaporating sessile drop sitting on a 
hydrophobic substrate, as two drops coalesce and the combined drop subsequently spreads on the 
substrate, drop recoil twice due to the coalescence of the two drops. This stands in contrast to the 
absence of recoil for a single drop impact on a dry surface under the same condition, indicating 
that the threshold value for drop recoil is lowered in the presence of another sessile drop.  
Furthermore, a single-degree-of-freedom vibration model for the height oscillation of the 
single and combined drops on a hydrophobic substrate is established. The model predictions are 
in good agreement with the experimental results of the drop relaxation phase. The results also 
show that, as the liquid viscosity increases or the drop mass decreases, oscillation damping is 
accelerated. The drop spreading and oscillation dynamics revealed here are important for inkjet 
printing, spray deposition, and other solution-based additive fabrication techniques. 
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CHAPTER 4 : COALESCENCE, EVAPORATION AND PARTICLE DEPOSITION OF 
CONSECUTIVELY PRINTED COLLOIDAL DROPS 
4.1 Introduction  
Deposition morphology of colloidal drops consisting of solution-processed functional 
materials is crucial in applications such as inkjet and gravure printing, and spray deposition of 
printable electronics, photovoltaics, and micro-batteries55-58. With the development of vastly 
available organic and inorganic ink materials consisting of nano-metallic particles, 
semiconductor quantum dots and nanowires, conducting polymers, among others, of different 
shapes and functionalities7, 59, 60, the challenge now is to effectively assemble these nano-scale 
building blocks into useful meso-scale structures61. Particle assembly by capillary interactions 
driven by the decrease in liquid-vapor (L-V) surface area as the particles approach each other has 
become an area of active research62, 63. Deposition of evaporating colloidal drops consisting of 
monodispersed spherical particles leads to the well-known coffee-ring effect as a result of the 
evaporatively-driven flow that carries particles to deposit in the vicinity of the drop contact line27, 
29. The suppression of the coffee ring by shape-dependent capillary interactions has also been 
observed for deposition of colloidal drops consisting of ellipsoidal particles33. Understanding 
particle deposition from a single colloidal drop is important. However, drops are often used as 
building blocks for line and pattern printing where the interaction between drops plays an 
important role in determining the morphology of deposited functional materials. 
A number of studies have been carried out to examine the dynamics of sessile drop 
coalescence by putting two drops of pure liquid slowly in contact with each other32, 64-67. The 
process of drop coalescence can be distinguished into three physical stages: (i)  the initial stage 
where the edges of two droplets make contact and quickly form a thin liquid bridge which 
increases in width following a temporal power law; (ii) the intermediate stage where the 
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meniscus bridge relaxes, the contact line of the droplets begins to move (i.e., wetting on one side 
while dewetting on the other), and the curvature of the drop surface above the initial contact 
point changes from concave to convex; and (iii) the final stage where the combined drop relaxed 
toward a spherical cap, the minimum surface energy configuration. The dynamics of time-
dependent width of the meniscus bridge between the two merging droplets32, 64, 68, and the 
perimeter67 and shape69 of the merged drop have been studied as a function of the liquid viscosity, 
surface tension, and density as well as the substrate wettability.  
Drops impact on a dry or a wet surface can result in different morphologies, from 
spreading and splashing to receding and rebounding, depending on the impact velocity, drop size, 
properties of the liquid and substrate14. Spreading or "deposition" is observed for the case of a 
low-velocity impact. The impact and coalescence of a pure liquid drop onto a pre-deposited drop 
of the same liquid have been studied with a varying offset between the centers of two drops16, 70, 
71. It was found that, for the case of no offset and in the low Weber number regime 
( 
2
00We UD , where   is density, 0D  the diameter, 0U  the velocity of the droplet before 
impact, and   the surface tension), axisymmetric impact and spreading lead to a merged drop of 
a spherical cap shape following the kinematic, spreading, and relaxation phases16.  
The discussion until now is based on pure liquid drops where evaporation is negligible. 
Recently, the deposition morphology of inkjet-printed solution or suspension into line patterns 
has been explored. For example, Duineveld72 studied the stability of inkjet-printed lines 
consisting of PEDOT:PSS, a conducting polymer, using a single-nozzle drop-on-demand inkjet 
printer. It was shown that the printed line becomes unstable and causes the bulging effect when 
its contact angle is larger than the static advancing contact angle. Stringer and Derby73 concluded 
that the stable line width of a printed line is bounded by the minimum line width determined by 
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the maximum drop spacing for stable coalescence and the upper bound determined by the 
minimum drop spacing below which a bulging instability occurs. Based on these analyses, 
appropriate printing parameters and ink/substrate properties can be selected to warrant optimal 
deposition uniformity and line definition. However, the studies of Duineveld72 and Stringer and 
Derby73 are mostly concerned with the instability of the contact line. To the best of our 
knowledge, no information on the deposition dynamics of particles inside interacting colloidal 
drops is known.  
In this paper, the interaction between two consecutively printed evaporating colloidal 
drops and the resulting particle deposition morphology are systematically studied as a function of 
the temporal delay and spatial spacing between drops. Pico-liter colloidal drops produced by an 
inkjet printer represent a common drop size widely used for high-resolution materials printing 
applications. In such length scales, capillary and evaporation are the dominating mechanisms, 
whereas gravitational effect is negligible. Three different regimes of drop spacing, d, are 
considered. The second drop is either printed (i) on the pre-wetted region of the substrate by the 
first drop (short drop spacing, i.e., 0 < d < 0.5 Dc, where Dc is the maximum spreading diameter 
of the first drop on the substrate), (ii) on a dry surface very close of the pinned contact line of the 
first drop (medium drop spacing, i.e., 0.5 Dc < d < 0.75 Dc), or (iii) on a dry surface away from 
the first drop so that the second drop is allowed to spread after the initial impact and then 
coalesces with the first drop (long drop spacing, i.e., 0.75 Dc < d < Dc). For the case of d > Dc, 
the interaction between drops is prohibited and the deposition of the second drop will be the 
same as the first drop. We focus on the regime where the drop jetting delay is comparable with 
or an order of magnitude smaller than the drop evaporation time scale. In addition, the relaxation 
time for two consecutively printed drops to completely coalesce in a saturated environment is on 
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the same order of magnitude as or slightly longer than the drop evaporation time. Due to the 
presence of colloidal particles and carrier liquid evaporation, drop coalescence is constrained. In 
such conditions, multiple mechanisms simultaneously determine the drop interaction and particle 
deposition. This makes a single model that correlates ink/substrate properties and jetting 
parameters with the final deposition morphology either impossible or very difficult. In the 
present study, by using a fluorescence microscope and a synchronized side-view camera, we 
directly observe in real time the interplay between the evaporation of the first drop, impact and 
spreading of the second drop, capillary relaxation, microflows, evaporation, and particle 
deposition of the merged drop for better control of the deposition morphology of inkjet-printed 
functional materials. 
 
4.2 Experimental methods 
To observe the particle movement and the evaporation of colloidal drops, a colloidal 
mixture of carboxylate-modiﬁed polystyrene ﬂuorescent beads (Invitrogen) of 1.1 µm diameter 
in DI-water, 0.2% by volume, is used in our inkjet printing experiments in Fig. 2.1. The mixture 
of water and particles is homogenized in sonicator (Cole-Parmer 8891) for 15 minutes before 
printing. The diameter of the drop is 68 μm and the velocity for the colloidal drop upon impact 
on cleaned glass substrates (Bellco, ~150 μm thick) is around 1.9 m/s. The corresponding Weber 
number and Ohnesorge number ( 0Oh D , where   is the liquid viscosity) are 2.1 and 
0.014 respectively. The substrates are cleaned with a sequence of DI water, acetone, ethanol, and 
isopropanol for three times, and then, dried with compressed air. During the experiments, the 
ambient temperature and humidity are kept at 20˚C and 50% relative humidity. Image processing 
is performed in IMAGEJ (http://rsbweb.nih.gov/ij/).  
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Two colloidal drops with controlled jetting delay and spatial spacing are printed 
consecutively to observe interactions between them. The drop spacing is controlled by a high-
resolution motorized microscope stage (Ludl) and the jetting delay between two drops is created 
by the JetDrive. For printing of colloidal drops, the jetting delays between two drops are 0.2 s, 
0.6 s and 0.9 s, and the droop spacing varies from 38 μm to 105 μm. The Bond number 
( 
2
0B gDo  , where g is the gravitational acceleration) of our printed drops is less than 0.005 
where the gravitational distortion of the drop shape is neglected.  
 
4.3 Results and discussion 
4.3.1 Drop coalescence 
Side-view images for the coalescence of two consecutively printed evaporating colloidal 
drops on a cleaned glass substrate (Bellco, ~150 μm thick) are shown in Figure 4.1a, where the 
jetting delay between two drops is 0.6 s and the drop spacing is 73.4 μm (i.e., 0.7 Dc, where Dc is 
the maximum spreading diameter of the first drop on the substrate). Initial observation shows 
that it takes 1.3 s for a single drop to evaporate. The contact line of the first drop is pinned right 
after the drop impact and spreading. It is noted here that the static receding contact angle 
measured using a DI-water drop on a cleaned glass substrate is 23. However, the accumulation 
of particles along the drop edge prolongs the pinning of the contact line for the case of a colloidal 
drop. When a second drop impacts on the right side of the substrate (at t = 0 in Figure 4.1a) 0.6 s 
after the first drop is deposited, the inertia from its impact on the dry surface drives the second 
drop to get in contact with the first drop within 10 s. The merged drop continues to spread due 
to the interplay of inertia, viscous stress, and surface tension. The drop contact line becomes 
51 
 
 
 
pinned at t = 30 s and it is followed by both vertical and horizontal oscillations of the water-air 
interface. After the oscillations are damped by viscosity, the water-air interface exhibits an arc 
shape at t = 300 µs, where both left and right contact angles of the merged drop converge to a 
contact angle of 45. During this first 300 µs, the effect of evaporation, which has time scale on 
the order of seconds, can be neglected.  
It is important to note that the relaxation time of the water-air interface of the merged 
drop is much shorter than that of a single drop impacting on a dry surface. As shown in Figure 
4.1b, in the first 300 µs upon impact, the drop spreads on the dry surface and oscillates vertically 
and symmetrically where the contact angle fluctuates between 70 and 90. After 300 µs, the 
drop continues to spread and it takes over 1 ms for the single drop to relax to its equilibrium 
contact angle. It is shown in a comparison study of drop impacting on dry and wetted surfaces 
that both the impact morphology and spreading dynamics vary significantly with the type of 
surface74. Rioboo et al.74 also found that the drop spreading dynamics is less sensitive to the 
surface tension, impact velocity, and viscosity for a wetted surface as compared to a dry surface. 
In the present study, however, the impact of the second drop is either on the edge of an 
evaporating drop or on a dry surface close to an evaporating drop, where the drop impact and 
spreading are expected to show combined characteristics of both dry and wetted surfaces. 
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(a) two consecutively printed drops 
 
(b) a single drop 
Figure 4.1 Side-view images for the impact and coalescence of two consecutively printed drops 
compared to the impact of a single drop on a dry surface during the same time frame.The jetting 
delay between two drops is 0.6 s and the drop spacing is 73.4 μm (i.e., 0.7 Dc, where Dc is the 
maximum spreading diameter of the first drop on the substrate). Other conditions for the two 
consecutively printed drops and the single drop are identical. For the case of a single drop, the 
drop continues to spread after 300 µs until it reaches and equilibrium contact angle of 45°.  
 
 
 
Andrieu et al.67 suggested that the rate of relaxation of slightly deformed drop to a 
spherical cap can be distinguished into three characteristic time scales: the inviscid inertial time 
(te ~ µs), viscous inertial time (ti  ~ ms) and capillary relaxation time (tb ~ µs). The inviscid 
inertial time, et , during which the liquid is compressed and a shock wave is formed can be given 
by  
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σ
Rρ
te
3
=  (4-1) 
where R is the radius of the drop in flight.  The viscosity then damps the oscillation on a time 
scale of 
 
ν
R
ti
2
=  (4-2) 
where ν is the kinematic viscosity. Finally, the viscous relaxation driven by the surface tension is 
 
σ
Rνρ
tb =  (4-3) 
All three time scales are much smaller than the evaporative time scale (on the order of a second) 
and are comparable to or smaller than the steady state diffusion time ( ~ ms), DRtd
24 . For a 
drop of 68 μm in diameter, the total relaxation time (te+ ti + tb) is about 1.2 ms. When the second 
drop impacts on the substrate 0.2, 0.6, or 0.9 s after the first drop is deposited, the first drop has 
already equilibrated and can act as a buffer to effectively damp the oscillation resulted from the 
impact of the second drop (e.g., the relaxation time of the merged drop reduces to 300 s from 
over 1 ms for a single drop impacting on a dry surface as discussed earlier).  
Andrieu et al.67 also shows, for coalescence of two water drops of a similar size as the 
ones considered here (~50 μm in diameter), the relaxation time of the merged drop in a nitrogen 
environment saturated with water vapor is on the order of 5 s, 107 larger than the bulk capillary 
relaxation time, bt . In such a case, the dynamics of drop coalescence is controlled by the 
receding motion of the contact line. The dissipation due to the gas-liquid phase transition near 
the contact line introduces a very small K ~ 10-8 Arrhenius factor in the relation between the 
driving force and the contact line velocity. In the present experiment, two drops coalesce at 20˚C 
and 50% relative humidity, where the merged drop evaporates in less than 3 seconds. The 
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subsequent particle accumulation at the contact line due to the evaporatively-driven flow 
enhances contact line pinning, and hence leads to incomplete drop coalescence before the carrier 
liquid completely evaporates.  
Although the water-air interface appears to reach equilibrium at t = 300 µs from the side-
view image shown in Figure 4.1a, the merged drop is still not completely coalesced, indicated by 
the shape of its footprint observed from the bottom-view image. Figure 4.2 shows schematic 
illustrations from both the side and bottom views of the drop impact, coalescence, carrier liquid 
evaporation, and particle deposition processes of two consecutively printed evaporating colloidal 
drops. As it can be seen, before the impact of the second drop, the contact line of the first drop is 
pinned and the evaporatively-driven flow drives particles to deposit near the contact line region 
and further enhances pinning. As the second drop lands on one side of the first drop, the inertia 
drives liquid to merge into the first drop. As the merged drop spreads and the water-air interface 
vibrates, it creates variations in local contact angle, relaxation velocity, and local radius of 
curvature. These local variations drive liquid to flow back and forth between two drops and bring 
particles along with it. Once the water-air interface reaches equilibrium, the curvature difference 
between the first and second drops drives the liquid to flow into the first drop side due to the 
local pressure difference 21 dd ppp  , where 1dp  
is the pressure on the first drop side and 2dp  
is the pressure on the second drop side and are both determined by averaging the local capillary 
pressure  
 )
11
(),(
21 RR
yxp   (4-4) 
Here R1 and R2 are the principal radii of curvature at any point (x, y) on the water-air interface. 
Because the second drop only spreads partially before it merges with the first drop whose contact 
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line is pinned, the mean radius of curvature of the air-water interface on the second drop side is 
smaller than that of the first drop side. This curvature variation along the contact line leads to a 
flow inside the merged drop from the right to the left as shown in Figure 4.2e. When the merged 
drop continues to coalesce and evaporate, its footprint relaxes towards a circular shape while the 
evaporatively-driven flow brings particles to the contact line region and deposit there.  
 
 
 
  Side view Bottom view 
Figure 4.2 Schematic of drop impact, coalescence, carrier liquid evaporation, and particle 
deposition of two consecutively printed evaporating colloidal drops from side view (left) and 
bottom view (right) based on the medium drop spacing (0.5 Dc < d < 0.75 Dc) and long jetting 
delay (0.9 s) case.  
56 
 
 
 
4.3.2 Drop evaporation and deposition morphology 
Figure 4.3 (a)-(c) shows evolution snapshots of two consecutively printed colloidal drops 
with a 0.9s delay time and short (0.4 Dc), medium (0.7 Dc), and long drop spacings (0.95 Dc), 
respectively, where Dc is the maximum spreading diameter of the first drop on the substrate. For 
the case with 0.4 Dc of spacing between two drops (Figure 4.3a), the second drop impacts on top 
of an evaporating drop at t = 0.9s and two drops merge immediately upon impact. It is shown 
from the side-view images that the water-air interface of the merged drop relaxes to an arc shape 
before t = 1.0 s (the third snapshot). Because the contact line of the first drop is pinned when the 
second drop impacts on it, the surface tension pulls the second drop to merge with the first drop 
and hence limits the spreading of the second drop. The merged drop shows an asymmetric 
footprint with a smaller radius of curvature on the second drop side and the curvature 
continuously varies along the perimeter of the merged drop at  t = 1.0 s. In addition to the 
evaporatively-driven flow as observed in evaporation of single drops, the motion of the particles 
from the second drop to the first drop is observed due to the pressure imbalance that pushes the 
liquid to flow from the second drop (smaller radius of curvature) to the first drop side (larger 
radius of curvature) and drags particles along with it. The contact line of the merged drop is 
pinned and the particles move to the edge of the drop that results in a coffee-ring deposit, with a 
larger particle concentration on the first drop side.  
As the spacing between two drops increases to 0.7 Dc (Figure 4.3b), the second drop 
impacts on a dry surface and spreads symmetrically before it gets in contact with the first drop. 
The water-air interface of the merged drop relaxes to an arc shape and the footprint of the 
merged drop displays two deposition centers with a neck region connecting in the middle. The 
coffee-ring deposit that already formed along the pinned contact line of the first drop before it 
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coalesces with the second drop remains stable, which leaves a higher particle density region in 
the middle of the two drop centers.   
 
 
 
 
                      (a)                                                 (b)                                                 (c) 
Figure 4.3 Snapshots of drop coalescence and particle deposition as a function of the scaled drop 
spacing for jetting delay of 0.9 s. (a) Short drop spacing (0.4 Dc), (b) medium drop spacing (0.7 
Dc), and (c) long drop spacing (0.95 Dc). Drop spacing is defined as the distance between two 
consecutively printed drops and is scaled by the maximum wetting diameter of the first drop on 
the substrate (Dc). 
 
 
 
When the spacing between two drops reaches 0.95 Dc, the second drop is allowed to 
spread more until its wetting front approaches the pinned contact line of the first drop. Once the 
merged drop coalesces, the imbalance in capillary pressure inside the drop drives the liquid to 
flow from the second to the first drop, resulting in local depinning of the contact line in the 
second drop side. The final deposition presents a higher particle density region in the original 
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first drop region compared to the second drop. As the separation distance between two drops 
increases, the area and length of the deposition increase. 
Figure 4.4 shows evolution snapshots of two consecutively printed colloidal drops with 
similar separation distances, but with delay times of 0.2, 0.6, and 0.9s, respectively. The 
separation distance in all three cases are in the medium (0.6-0.7 Dc) separation regime where the 
second drop impacts on a dry surface and spreads briefly but symmetrically before it gets in 
contact with the first drop. For the case of a short jetting delay (Figure 4.4a), only a small 
amount of liquid in the first drop evaporates (the evaporation time for a single drop is 1.3 s) 
before it coalesces with the second drop. The two drops quickly merge and spread into a single 
drop of an elliptical footprint and the deposition is symmetric on both the first and second drop 
sides. No accumulation of particles along the contact line of the first drop is detected in the final 
deposition. The maximum dimension of the deposit perpendicular to the axis that connects the 
centers of the two drops (i.e., the major axis) is larger than the diameter of a single drop.  
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Figure 4.4 Snapshots of drop coalescence and particle deposition as a function of jetting delay 
between consecutively printed drops. (a) 0.2s delay, (b) 0.6s delay, and (c) 0.9s jetting delay. 
Spacing between two drops are 0.60 Dc, 0.64 Dc, 0.70 Dc, respectively.  
 
 
 
As the jetting delay between two drops increases, the effective total volume of the 
merged drop decreases due to the increase in evaporation time of the first drop. For the case of 
0.6 s delay (Figure 4.4b), particle accumulation at the contact line of the first drop occurs before 
the second drop coalesces with it. The pinned contact line on the first drop side prevents 
spreading of the merged drop in the direction perpendicular to the major axis. Liquid flows from 
the second to the first drop due to curvature variation along the drop perimeter. The final 
deposition exhibits a smoothly connected pattern with a smaller radius of curvature on the 
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second drop side. When the jetting delay reaches 0.9 s, a coffee-ring pattern is already 
established in the first drop before the deposition of the second drop. The presence of the coffee 
ring from the first drop increases the non-uniformity of the deposit as compared with the cases of 
shorter jetting delay.  
To quantify the particle distribution inside the merged drop, the scaled particle number 
density along the major axis of the deposit from two consecutively printed drops for the medium 
drop spacing cases (i.e., 0.5 Dc < d < 0.75 Dc where the second drop impacts on a dry surface but 
spreading is limited due to the presence of the first drop) and jetting delays of 0.2, 0.6, and 0.9 s 
is plotted in Figure 4.5. The particle number density is measured in a 36 μm wide stripe area 
along the major axis, x, of the deposit (where x = 0 denotes the edge of the first drop) and each 
grid is 18 μm long. The scaled particle number density is defined as totalgridpdrop nAnAn 

 where 
gridA  is the area of each 36 μm  18 μm grid along the major axis, dropA  is the area enclosed by 
the drop contact line inside each grid, totaln  is the total number of particles inside the 36 μm stripe 
area along the major axis, and pn  is the number of particles inside each grid. The first data point 
of each case starts in the center of the first 36 μm  18 μm grid along the major axis, not at the 
exact edge of the deposition (x = 0). It can be observed for all three cases that the scaled particle 
number density peaks at both ends of the major axis, an indicator of the coffee-ring effect. In 
addition, the peak on the first drop side is higher than the second drop side as a result of the 
capillary flow due to curvature variation along the drop perimeter. For the case of a large jetting 
delay between two drops (i.e., 0.9 s delay), a third peak is observed in the middle of two drops 
where the pinned contact line of the first drop is located before the impact of the second drop 
(i.e., x = Dc). However, for the cases of small jetting delays (0.2 and 0.6 s delays), the particle 
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number density in the center of the merged drop is fairly uniform. This implies that the 
deposition uniformity can be improved by increasing jetting frequency. It is also noted that the 
scaled number density is based on the average of three jetting experiments for each jetting delay 
and the standard divisions of all cases of the same jetting conditions are within 0.03 Dc. It might 
be argued that there is also a small increase in n  for the case of 0.2 s jetting delay at x  0.6 Dc. 
However, compared to a 31% increase in n  for the 3rd peak of the 0.9 s delay case at x  0.6 Dc 
based on the mean particle density along the major axis, this 11% increase in n  is not 
substantial enough to be viewed as a peak. It is important to note that, the long jetting delay of 
0.9 s considered here is comparable to the 1.3 s evaporation time of a single drop.   
 
 
Figure 4.5 Scaled particle number density along the major axis of the deposit for jetting delays 
of 0.2, 0.6, and 0.9 s and medium separation distance between drops. 
 
 
 
third peak 
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n* 
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Scaled radii of curvature, cRrr /
  ( 2cc DR  ), on the second drop side of the merged 
drop as a function of the scaled drop spacing for 0.2, 0.6, and 0.9 s jetting delays are shown in 
Figure 4.6. The radii of curvature are measured based on the bottom-view images right after two 
consecutively printed colloidal drops coalesce. It is shown in Figure 4.6 that, for the delay time 
of 0.2 s, the scaled radius of curvature on the second drop side decreases monotonically with the 
scaled drop spacing. This is because, for a short jetting delay, two drops completely coalesce and 
a larger drop spacing leads to a more elongated shape for the merged drop. For the cases of 
longer jetting delays (0.6 and 0.9s), the radius of curvature on the second drop side decreases 
first as the merged drop becomes more elongated, and then r  increases with the increase in 
drop spacing where the transition occurs at around 0.7 Dc, the drop distance where the curvature 
of the neck region between two drops changes from convex to concave. This indicates that two 
deposition centers are observed with a neck region connecting them for the case of large drop 
spacing and long jetting delay. In such cases, the second drop is allowed to spread more before it 
coalesces with the first drop, and hence r  increases with the increase in drop spacing. For the 
same drop spacing, a shorter jetting delay corresponds to a larger r . Because a shorter jetting 
delay leads to a larger drop volume, the merged drop can further relax to a circular footprint 
before the carrier liquid completely evaporates.  
 
 
 
63 
 
 
 
 
Figure 4.6 Scaled radius of curvature on the second drop side of the merged drop as a function 
of the scaled drop spacing.  
 
 
 
Figure 4.7 shows the circularity of the coalesced drop as a function of the scaled drop 
spacing for jetting delays of 0.2, 0.6, and 0.9 s. The circularity is measured based on the first 
bottom-view image after two drops coalesce, using circularity = 4  footprint area / (contact 
line perimeter)2. As it can be observed, higher circularities are obtained for shorter jetting delays 
compared with longer delays for all short, medium, and long drop spacing cases. This is because, 
for the same drop spacing, a short jetting delay allows for more liquid remained in the merged 
drop so that the neck region connecting two drops can spread more extensively to yield a more 
circular footprint that minimizes the surface energy. For the same jetting delay (which implies 
the same drop volume), the circularity of the merged drop decreases with the increase in drop 
spacing. This is because, especially for smaller jetting delays, the footprint of a merged drop 
exhibits an elliptical shape. If an equilibrium contact angle is assumed when the merged drop 
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fully relaxes, the height of the elliptical cap formed by the merged drop is the same for different 
drop spacing cases. This implies that the product of the major and minor axes of ellipse keeps 
constant for different drop spacings. When the drop spacing increases, the increase in the ratio 
between the major and minor axes results in a decrease in circularity of the merged drop as 
shown in Figure 4.7. For all three jetting delays considered in this study, the circularities are 
larger than 0.92 for the short drop spacing regime (0 < d < 0.5 Dc). However, with the increase in 
drop spacing for the cases of long jetting delays (0.6 and 0.9 s delays), as is shown in Figure 4.3c, 
a clear neck region is observed between the first and second drops and hence results in poor 
deposition circularity.  
 
Figure 4.7 Circularity of the coalesced drop as a function of the scaled drop spacing . 
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4.4 Conclusions 
The dynamics of drop interaction and particle deposition of two consecutively printed 
evaporating colloidal drops are observed in real time using a fluorescence microscope and a 
synchronized side-view camera. The second drop is printed either on pre-wetted region of the 
first drop (short drop spacing, i.e., 0 < d < 0.5 Dc), on a dry surface very close of the pinned 
contact line of the first drop (medium drop spacing, i.e., 0.5 Dc < d < 0.75 Dc), or on a dry 
surface away from the first drop so that the second drop is allowed to spread and then coalesces 
with the first drop (long drop spacing, i.e., 0.75 < d < Dc). The jetting delay considered here is 
either comparable with or an order of magnitude smaller than the drop evaporation time. The 
results show that the relaxation time of the water-air interface of the merged drop is shorter than 
that of a single drop impacting on a dry surface. As the drop spacing increases, the circularity of 
the coalesced drop decreases for all jetting delays. Moreover, for the drops interacting with a 
longer jetting delay, a coffee ring has already established before the impact of the second drop. 
As the second drop impacts on the substrate and coalesces with the first drop, the capillary force 
and inertia drive the carrier liquid and suspended particles in the second drop toward the first 
drop resulting in more particles deposited on the first drop side. The particle number density 
along the major axis of the deposit shows two peaks at the two ends of the major axis for the 
cases with shorter jetting delays, but a third peak located at the contact line of the first drop is 
observed for a longer jetting delay. For a short jetting delay, the scaled radius of curvature on the 
second drop side of the deposit decreases monotonically with the scaled drop spacing, but it 
decreases first and then increases with the increase in drop spacing for larger delays.  
In contrast to other drop coalescence studies, inertia, evaporation, and particle deposition 
all play important roles in the deposition morphology of the merged drop for the conditions 
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considered here. In addition, the present study reveals the deposition dynamics of individual 
particles in coalescing colloidal drops in real time when the drop contact line is pinned. By 
tuning the interplay of drop spreading, evaporation, capillary relaxation, and particle assembly 
processes, the deposition morphology of two consecutively printed colloidal drops can hence be 
controlled.  
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CHAPTER 5 : COMPETITION BETWEEN RECEDING CONTACT LINE AND 
PARTICLE DEPOSITION IN DRYING COLLOIDAL DROP  
5.1 Introduction 
Deposition morphology of colloidal drops containing solution-processed functional 
nanomaterials is crucial in applications such as inkjet and gravure printing, spray deposition of 
printable electronics, photovoltaics, and micro-batteries55-58. When a colloidal drop with a pinned 
contact line dries on a substrate, the solvent flow induced by the high evaporation rate at the 
contact line carries particles to the drop edge, forming the well-known coffee-ring deposit27. This 
evaporatively-driven, non-uniform distribution of functional materials in the deposit challenges 
the quality of printable electronics that often require uniform deposition patterns to achieve 
better performance. Several approaches have been introduced to suppress the coffee-ring effect 
by introducing bi-solvents of different surface tensions and vapor pressures to control the 
Marangoni flow inside the drop31, 75 or by enhancing capillary interactions among 
asymmetrically-shaped particles (e.g., ellipsoids) on the drop surface33. 
Contact line depinning can also occur during colloidal droplet evaporation, once the 
continuously decreasing contact angle reaches its threshold value for receding. The competition 
between the receding contact line and particle deposition near the contact line results in a variety 
of deposition patterns, from comb-like structures of stretched DNAs76 and multi-rings77-83, to 
spider web84, 85,  and spokes29, 83, 86, 87. By moving a meniscus containing colloidal particles at 
different speeds, Prevo and Velev88 systematically examined the dependence of deposition 
morphologies (e.g. stripes, uniform layer, foam, and islands) on the contact line velocity in a 
substrate coating process.  
Despite these studies on particle deposition morphologies, quantitative analysis to 
correlate the characteristic lengths of deposition patterns with droplet drying conditions and 
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colloidal suspension properties is still lacking. With the development of vastly available metallic, 
semiconductor, and dielectric nanoparticles, nanowires, and polymers as ink materials7, 59, 60, the 
challenge now is to effectively assemble these nanoscale building blocks into useful 
microstructures and devices61. Current materials printing techniques are limited to high-speed 
production of complex patterns with >10 µm resolution1, not compatible with applications that 
desire nanoscale features89. However, by carefully tuning the interplay of wetting, evaporation, 
and particle self-assembly, the formation of highly repeatable, ordered nanostructures inside 
inkjet-deposited colloidal drops can potentially be achieved. 
In this paper, we report our systematic analysis of the complex morphology transitions 
inside inkjet-printed evaporating pico-liter droplets under different drying conditions, particle 
volume fractions, and particle sizes. As a result of the competition between contact line receding 
velocity and particle deposition growth rate, highly repeatable micron and sub-micron deposition 
structures such as multiple rings, spider web, radial spokes, saw-toothed structures, foams, and 
islands are observed. A dimensionless parameter that associates the radial deposition growth rate 
to contact line velocity has been identified to determine whether the entire contact line can be 
pinned to leave a continuous ring deposit. Both experimental measurement and model prediction 
of the multi-ring spacing as a function of local ring radius are presented and compared. The 
wavelengths of the spider web, radial spokes, and saw-toothed deposition structures are 
quantitatively analyzed using the Marangoni instability theory near the contact line. By varying 
the particle size while keeping other parameters the same, the effect of particle size on contact 
line pinning and subsequent deposition pattern is examined.  
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5.2 Experimental methods 
Highly repeatable, pico-liter colloidal drops were generated by a piezoelectric inkjet 
printhead with an orifice diameter of 60 μm (MicroFab MJ-Al-01) driven by a waveform 
generator (JetDrive). A high-resolution (0.5 μm/pixel) camera system, consisting of a SensiCam 
QE CCD camera (Romulus, Michigan), a Navitar 12 Zoom lens (Rochester, New York), and a 
halogen strobe light (Perkin Elmer), was used to capture side-view images of drop ejection. 
Details of the experimental setup are described elsewhere28. 
Colloidal suspensions of sulfate-modified polystyrene beads (Invitrogen) of 20 nm and 
200nm in diameters with volume fractions of 0.1%, 0.25% and 0.5% in DI-water were used in 
the printing experiments. The mixtures of water and particles are homogenized in a sonicator 
(Cole-Parmer 8891) for 5 minutes before printing.  
The relative humidity (RH) levels were controlled at 20%, 40%, and 70% inside the 
custom-built humidity chamber and the ambient temperature was kept at 22 ºC for all 
experiments. Glass microscope cover slips (Bellco, ~150μm thick) were sequentially cleaned by 
sonicating in Sparkleen-DI water, ethanol and acetone, and then treated by Argon plasma (2 mins 
at 18W and 250 mtorr, Harrick Plasma PDC-32G). The root-mean-square (RMS) roughness of 
the plasma-treated glass slides measured by an atomic force microscope (Digital 
Instruments/Veeco) is 0.5 nm, much smaller than the particle diameter of 20 and 200 nm. 
Equilibrium contact angle of the cleaned glass substrates were measured to be close to 0º by 
using a custom-built goniometer and the LB-ADSA drop analysis plug-in of Image J 
(http://rsbweb.nih.gov/ij/), where the drop surface is assumed to be a spherical cap and the 
gravitational effect is neglected (the Bond number here is 005.0/Bo
2
0  gD , where  is the 
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drop density, g the gravitational acceleration, D0  the drop diameter in flight, and  the drop 
surface tension). 
 
5.3 Theoretical analysis 
5.3.1 Contact line receding velocity of an evaporating drop 
In colloidal drop drying processes, multi-ring depositions are formed due to the stick-slip 
motion of the contact line when it recedes as shown in Figure 5.1. This stick-slip motion can be 
described as a step function in the drop radius, R, vs evaporation time, t, plot (Figure 5.1b). 
However, it is difficult to quantify the contact line velocity during each stick-slip motion, due to 
the repetitive acceleration and deceleration nature of the processes. Instead, we assume the 
contact line undergoes a continuous motion during receding, as shown in the dashed line of 
Figure 5.1b, in order to correlate the contact line velocity with R. 
For an inkjet-printed pico-liter drop ( Bo < 0.005), where the effect of gravity can be 
neglected, the drop shape is considered as a spherical cap with contact angle   and radius R  
shown in Figure 5.1a. When 0tt  , the volume of the drop can be written as  
 
)](
2
1
tan3)[(
2
1
tan)(
6
1
)( 0
2
00
3
0 tttRtV  
 
 (5-1) 
On very hydrophilic substrates, the contact angle of the drop during receding approaches 
zero and it follows 3]2/)([tan 0
2 t . Hence, the volume of the drop at 0tt   can be simplified 
as 
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0 ttRtV      for small   (5-2) 
Similarly, the volume of the drop at ttt  0  is given by  
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Utilizing Eqs. (3-13) and (3-14), it follows 
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For an incompressible drop, dVdm  , where m  and   are mass and density of a drop. 
Hence, the drop contact line velocity at 0tt   is given by reorganizing Eq. (5-4)  
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For a very hydrophilic substrate, where the equilibrium contact angle of the drop is very 
small, the contact angle variation during drop receding is considered to be small, i.e., 0~
dt
d
, 
which follows 
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
  (5-6) 
 The volume variation of the drop due to solvent evaporation, dtdm/ , can be obtained by 
integrating the diffusion driven evaporation along the drop surface to yield26 
 vcRHRD
dt
dm
)1(3.1    (5-7) 
where D  is the diffusivity of water vapor in air, RH is the ambient relative humidity, and vc  is 
the saturated vapor concentration of the solvent. 
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Figure 5.1 a) Schematic illustration of a drop receding on a hydrophilic substrate. b) Schematic 
step function of stick-slip motion of the contact line (solid lines) and the fitted linear curve (dash 
line) during drop receding. The dash line follows tR ~  by integrating Eq. (5-9). 
 
 
 
 Substituting Eq. (5-7) into Eq. (5-6), the instantaneous contact line velocity is given by 
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Because the change in contact angle is trivial during drop receding on a very hydrophilic 
substrate, ]2/)(tan[ t  can be approximated as a constant and hence the contact line velocity 
inside a drying drop gives   
U
CL
~ 1/ R  (5-9) 
which implies that the contact line velocity keeps increasing during drop receding. 
 
5.3.2 Particle deposition rate at contact line 
Based on Eq. (5-7), the volumetric solvent evaporation rate of the entire drop is 
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Because particles are accumulated and deposited along the drop edge, the volumetric 
particle deposition rate along the contact line gives P2 RndU  or )1/()/(P dtdVC , where d  is 
the particle diameter, PC  the particle volume fraction,   the deposition porosity, and n the 
number of layers of particles in the deposition. The radial growth rate of particle deposition, Up , 
can hence be given by 
 PP
)1(3.1
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cRHRD
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l
v

 
  (5-11) 
 Experimental evidence shows that the particle concentration in the central region of the drop 
does not change during drying90. Here, we assume that the particle concentration, layer of the 
particles, and porosity in the deposition do not change during evaporation, and hence the radial 
growth rate of particle deposition, PU , is a constant during drop receding and is independent of 
the contact line radius, R , following 
 constU ~P  (5-12) 
 
5.3.3 Ring spacing of the multi-ring structure 
 During drop receding, when the contact angle decreases below a critical value, the 
depinning forces surpass the pinning forces driving the contact line to depin from the original 
location ( R , ) and slip to a new location ( RR  ,   ), where the contact line pins again and 
forms a new ring at RR  , as shown in Figure 5.2. Here, R  is the ring spacing at location R . 
 Assuming the drop is of spherical-cap shape both before and after slip and solvent 
evaporation is minimal during slip81, the volume of the drop can be written as  
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Hence, the ring spacing, R , can be expressed as a function of the instantaneous drop radius, R , 
as 
CRR   (5-15) 
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C . Assuming   and    keep constant 
at different ring positions79, 81, 91, the coefficient C becomes a constant during drop evaporation. 
Hence, it follows 
RR ~   (5-16) 
 
 
 
 
Figure 5.2 Schematic illustration of the stick-slip motion of the contact line. 
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5.4 Results and discussion 
5.4.1. Deposition morphology transition in droplets 
Figure 5.3a-c shows the deposition morphologies of inkjet-printed drops on a cleaned 
glass substrate at 40% RH with 20 nm particles at volume fractions of 0.5%, 0.25% and 0.1%, 
respectively. It can be found that the deposition patterns transition from the edge to the center of 
the drop for all three cases, which are resulted from the competition between the receding contact 
line and particle deposition at the contact line. Both experimental evidence and models have 
shown that92, 93, for a pure liquid drop of spherical-cap shape evaporating on a hydrophilic 
substrate, the contact line velocity CLU  continuously increases with the receding drop radius R. 
During colloidal drop evaporation, particles inside the drop enhance the stick-slip motion of the 
contact line, i.e., the contact line radius undergoes a step function that decreases with time. In our 
study, assuming the particles do not alter the drying properties of the dilute drop of spherical-cap 
shape, the substrate is very hydrophilic, and the evaporation is diffusion-limited, the velocity of 
the receding contact line can be approximated as )(/1~CL tRU  (see derivation of Eq. (5-9)), 
which implies that the contact line velocity gradually increases with the shrinking contact line. 
Assuming the particle concentration in the remainder of the evaporating drop keeps constant 
during drop evaporation, the radial deposition growth rate of particles, Up , is a constant (see Eqs. 
(5-10) to (5-11)). Here, we introduce a dimensionless parameter, CLp UU , to represent the 
competition between the particle deposition rate and contact line velocity. Figure 5.3d shows the 
linear increase of   with drop radius R from the drop center to the edge within a single deposit 
following kR , using the case of particle volume fraction ϕ = 0.25% (Figure 5.3b) as an 
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example. Here, the slope k  represents an interplay of the drop contact angle, the particle 
concentration and diameter, and the porosity and number of layers of the deposition.  
 
 
 
 
Figure 5.3 Deposition morphologies inside colloidal drops dried under 40% relative humidity 
with 20 nm particles at different particle volume fractions: (a) 0.5%, (b) 0.25%, and (c) 0.1%. (d) 
deposition morphology transition in (b) as a function of the dimensionless parameter, 
CLP /UU , where 1R  
corresponds to the evaporating drop radius when *  , the critical 
value to warrant pinning of the entire contact line. Due to the difficulty in measuring the particle 
deposition growth rate at a sub-micron scale,   versus R shown in Fig. 1d is a schematic 
illustration based on the analysis. The scale bars are 20 µm in (a) – (c) and 2 µm in (d).  
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      As shown in Figure 5.3b, for a drop with particle volume fraction of 0.25%, the initial 
pinning of the contact line induces the outmost ring-like deposit. As the drop continues to 
evaporate, the decreasing contact angle at the pinned contact line reaches the critical receding 
contact angle (a small but finite angle) so that the contact line depins from the outmost ring. At 
this time, the contact line speed CLU  cannot keep up with the particle deposition growth rate pU , 
leading to the continuous accumulation of particles at the contact line region until they reach a 
critical number to pin the contact line again at a distance away from the outmost ring. A new ring 
is subsequently formed at this newly pinned contact line before another slip motion occurs as the 
drop evaporates29, 94-96. The repetitive stick-slip motion of the contact line drives nanoparticles to 
self-assemble into multi-ring structures for the regime of 1RR   in Figure 5.3d and near the drop 
edge in Figure 5.3b, where R1  corresponds to the radius when 
  , the critical value to warrant 
pinning of the entire contact line. For the case of  = 0.25%, 77.001 RR , where 0R
 
is the drop 
deposition radius. Note that the value of   is determined by the particle size, volume fraction, 
and wettability, solvent vapor pressure, relative humidity, and substrate wettability, among 
others. In this study, we focus on the effects of particle volume fraction, relative humidity and 
particle size while keeping other parameters unchanged.  
As the drop continues to recede, it yields   for the regime of 1RR   as shown in 
Figure 5.3d. The contact line velocity keeps increasing but the particle deposition rate is not high 
enough to pin the entire contact line. This yields only parts of the contact line undergoing the 
stick-slip motion to form concentric rings, and other parts of the contact line are pinned to 
produce radial spokes, governed by the instability of the receding drop97, 98. The combination of 
stick-slip motion and instability near the contact line leads to the formation of the spider web 
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deposition at 59.077.0 0  RR . Further receding of the contact line and the increasing of CLU  
yield the deposition morphology transition into interconnected foam structures and finally 
isolated islands at the drop center where  , as shown in Figure 5.3d and Figure 5.3b. 
Similar deposition morphology transitions are also observed for the particle volume 
fraction of 0.5%, as shown in Figure 5.3a. Due to the decrease of   during drop evaporation, the 
deposition morphology consecutively shows multi-ring, foam and islands from the drop edge to 
the center where the transition radius 29.001 RR . However, for the case of  = 0.1% (Figure 
5.3c), the deposition morphologies are distinctly different from the ones with higher 
concentrations. Once the contact line depins from the outmost ring, due to the low particle 
volume fraction, the particles accumulated at the contact line region do not reach an enough 
number to form multi-ring structures. Instead, the particles accumulate and subsequently deposit 
periodically at the peaks of the sinusoidal contact line resulted from interfacial instability. The 
contact line depins locally while leaving periodic regions of the contact line pinned. As the drop 
evaporates, the magnitude of the finger-like instability grows and the continuously receding 
contact line pushes the particles to accumulate in the pinned regions and in turn enhances the 
local pinning of these regions. The radial spoke-like pattern of nanoparticles is hence formed 
near the edge of the deposit as shown in Figure 5.3c. As the contact line continues to recede, the 
deposition pattern transitions from spokes to foam and islands in the drop center. It is important 
to note that, the transition radius 
01 RR  
decreases with the particle volume fraction. 
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5.4.2 Interfacial instability near the drop contact line 
When a droplet recedes on a very hydrophilic substrate, finger-like instability can be 
observed at the drop contact line97, where the thicker parts recede more slowly than the thinner 
parts leaving behind the radial deposition structures (spokes, spider web, saw-toothed structures) 
as shown in Figure 5.3. For diffusion-limit evaporation of a thin film on a solid substrate, 
Marangoni instability arises as a result of the evaporation-induced thermal gradients98. For the 
case of an evaporating droplet, the wavelength of the instability follows 
3
0
3 )/(/1~ jRCa   , where   is the liquid viscosity,   the surface tension, R the drop 
radius, and 0j  the characteristic evaporation rate
98. Considering an aqueous drop evaporating on 
a very hydrophilic substrate with a contact angle θ ~ 0°, the characteristic evaporation rate can be 
given by lvcDj /)RH-1(65.00 
26, 97, 98, where D is the diffusivity of water vapor in air, RH 
the relative humidity, vc  the saturated vapor concentration, and l  water density. For the case 
of constant RH, 0j  is a constant, which follows the scaling law of 
3~ R  for Marangoni stress 
induced instability. 
Figure 5.4 shows the experimentally measured dimensionless wavelength, 0R , of 
instability induced radial structures (i.e., spacing of the peaks on saw-toothed structures in multi-
ring deposits for  = 0.5% and grid spacing of the spider web shape for  = 0.25%) as a function 
of 3 0RR  inside single drops. For both particle volume fractions of 0.25% and 0.5%, the 
wavelength of radial structures increases from the drop center to the edge.  Good linear fittings 
of 3 00 ~ RRR  for both volume fractions of 0.5% and 0.25% in Figure 3.20 indicate that 
instability, resulted from Marangoni stress in diffusion-limited evaporating droplets, is indeed 
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the driving force of particle deposition perpendicular to the contact line. It is important to note 
that when 90.088.0 3 0  RR  for volume fraction of  = 0.25%, the deposition pattern 
transitions from the spider-web shape to multi-ring structure, where the radial structures vanish. 
Similar slopes of 3 00 ~ RRR  
for particle volume fractions of  = 0.25% and 0.5% are due to 
the fact that the same viscosity, surface tension, drop size, and substrate wettability are used in 
both experiments. 
 
 
 
 
Figure 5.4 Wavelength of the saw-toothed structures in multi-ring deposits for  = 0.5% and the 
grid spacing of spider web for   = 0.25% as a function of 3 0RR   resulted from Marangoni 
instability within single drops containing 20 nm particles and RH = 40%. The scale bars are 20 
µm. Error bars are standard deviations from 15 measurements.  
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Figure 5.5 shows the wavelength of radial spokes for colloidal drops dried at relative 
humidities of 20%, 40% and 70% for  = 0.1%. With the increase of humidity from 20% to 70%, 
the dimensionless wavelength of the spokes, 0R , increases from 0.047 to 0.087. Recall that the 
Marangoni instability near the contact line yields 3 0
3 )/(/1~ jRCa    and 
lvcDj /)RH1(59.10 
26, 97, 98. A linear correlation relating the wavelength and relative 
humidity is hence given by 3 RH11~  . As shown in Figure 5.5, good linearity between the 
experimentally measured wavelengths of radial spokes 0R  (measured at R/R0 = 0.98) and 
3 RH11   for relative humidities of 20%, 40% and 70% demonstrate is observed, consistent 
with the theoretical prediction.  
 
 
 
 
Figure 5.5 Wavelength of the radial spokes as a function of 3 RH11    for  = 0.1% for drops 
containing 20 nm particles evaporating at relative humidities of 20%, 40% and 70%. Error bars 
are standard deviations from 5 measurements. The scale bars are 20 µm. 
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Figure 5.6 shows the ring spacing of multi-ring structures, R , as a function of ring 
radius, R, for 20 nm particles with particle volume fractions of  = 0.25% and 0.5% evaporated 
under 40% relative humidity. For both particle volume fractions, the ring spacing increases from 
the drop center to the edge and the R  versus R curves show very good linearity. This linear 
relationship between ring spacing and drop radius is consistent with the model prediction, 
RR ~ , (see Eq. (5-16)) that is based on a drop of spherical-cap shape right before and after a 
small slip motion on a very hydrophilic substrate where evaporation is neglected during slip. As 
discussed earlier, this stick-slip motion of the contact line is an incremental step of the globally 
increasing contact line velocity as the drop recedes. Figure 5.6 also shows that, a larger particle 
volume fraction results in larger ring spacing at the same drop radius, and this is resulted from 
the enhanced pinning force (accumulation of more particles at the contact line) and depinning 
energy barrier needed for each ring deposition at a higher particle concentration94.  
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Figure 5.6 Ring spacing of multi-ring structures as a function of ring radius for 20 nm particles 
at volume fractions of 0.25% and 0.5%. The relative humidity is 40%. The outmost ring is not 
included. Error bars are standard deviations from 8 measurements. The scale bars are 20 µm. 
 
 
 
5.4.3 Effect of particle size 
      Deposition patterns of colloid drops containing 200 nm particles with volume fractions of 
0.5%, 0.25% and 0.1% are shown in Figure 5.7a-c, respectively. Similarly to those containing 
20nm particles, ring-like deposits are formed for the cases of ϕ = 0.5% and 0.25% as shown in 
Figure 5.7a and 5.7b. As evaporation continues, the depinning forces overwhelm the pinning 
forces leading to contact line depinning from the outmost ring. In contrast to the repetitive stick-
slip motion of the contact line leading to the formation of concentric rings for the cases of 20 nm 
particles (Figure 5.7d), the contact line is only partially pinned for drops containing 200 nm 
particles resulting in radial spoke structures as shown in Figure 5.7a-c. We have shown, by 
examining the forces acting on particles close to the contact line, that it is the number of particles 
not the particle size which dictates particle pining28. For drops of the same particle volume 
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fraction but different particle sizes, there are 1000 times more 20 nm particles in a drop than 200 
nm particles. As a result, the number of 200 nm particles remaining in the drop after the 
deposition of the outmost ring is not enough to initiate entire contact line pinning (shown in 
Figure 5.7e). The contact line is only pinned locally to form a series of radial spokes for drops 
containing 200 nm particles shown in Figure 5.7a-c. For the case of ϕ = 0.1%, the number of 200 
nm particles is so small that even a single ring deposit cannot be formed and the radial spokes 
break into segments as shown in Figure 5.7c.  
 
5.4.4 Deposition morphology map 
The deposition morphology map of multi-ring, spider web, spoke, foam and island 
structures from inkjet-printed evaporating colloidal drops as a function of particle concentration 
and radial position inside the drop is summarized in Figure 5.8. Ring deposition occurs in the 
regime 
  while the contact line is only partially pinned when  . With the increase in 
particle loading, the region for ring-like deposition increases, while the region resulting in island-
like deposition decreases. For a drop with a given particle loading, as the drop evaporates, the 
contact line velocity keeps increasing, leading to deposition morphology transitions from the top 
to the bottom of the morphology map shown in Figure 5.8. At a higher particle volume fraction 
(e.g.,  = 0.25% for 20 nm particles) corresponding to a high deposition growth rate, the 
deposition consequently shows multi-ring, spider web, foam, and islands from the edge to the 
drop center. However, for a drop with a lower particle volume fraction (e.g.,  = 0.1% for 20 nm 
particles) or a low deposition growth rate, the deposition consequently shows spoke, foam, and 
islands. 
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Figure 5.7 Scanning electron microscopy images of particle deposition morphologies in 
colloidal drops containing 200 nm particles at particle loadings of (a) 0.5%, (b) 0.25%, and (c) 
0.1%. Schematic illustrations of (d) multi-ring formation in drops containing particles 20 nm in 
diameter, and (e) radial spokes in drops with particles 200 nm in diameter. Scale bars are 20 µm 
in (a) to (c). 
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Figure 5.8 Deposition morphology map of inkjet-printed colloidal drop with 20 nm particles, 
dried under 40% relative humidity showing multi-ring, spoke, spider web, foam and island 
patterns as a function of the radial position and the particle concentration. Ring deposition occurs 
for *   while the contact line is only partially pinned when *  . Error bars are standard 
deviations from 8 measurements. 
 
 
 
5.5 Conclusion 
In this paper, we showed that nanoparticles self-assemble into highly repeatable 
deposition patterns, including concentric multi-ring, radial spokes, spider web, foam, and islands 
inside inkjet-printed pico-liter colloidal drops. The mechanism governing these deposition 
morphology transitions in freely evaporating droplets is found to be a result of the competition 
between the contact line velocity and particle deposition growth rate during drop receding. A 
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variety of particle volume fractions and drying conditions are used to effectively control UCL  and 
Up , thereby determining the deposition patterns and the critical morphology transition parameter 
x *  to warrant pinning of the entire contact line. Experimental measurements agree well with the 
model prediction on the linear correlation between multi-ring spacing R and ring radius R. 
Marangoni instability near the contact line attributes to the radial spoke and saw-toothed 
structures whose wavelengths  agree well with the scaling laws of 3~ R  and 3 RH11~  . 
In addition, larger particles are found to suppress the multi-ring deposition as compared to 
smaller particles.  
Besides revealing evaporatively-driven nanoparticle self-assembly mechanisms inside a 
colloidal drop, this study offers a simple, fast way to produce complex patterns from an inkjet-
printed single drop, and hence extends inkjet printing applications to fabricating patterns at sub-
micron scales. Future work will focus on the effects of solvent type, as well as substrate and 
particle wettability, on the deposition morphology map.  
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CHAPTER 6 : SELF-ASSEMBLY OF NANOPARTICLES IN EVAPORATING 
PARTICLE LADEN-DEMULSION DROPS 
6.1 Introduction 
Due to unique and fascinating properties, nanoscale structures, such as metamaterials99, 
100 and microreactors100, have received growing interests in applications of optics89, electronics101, 
biological material manipulation102, and energy harvesting103, 104. 
Current methodologies used for nanoscale fabrication processes include nanosphere 
lithography105, 106, electron-beam lithography107, ion-beam lithography108, 109, nanoimprinting110, 
and dip-pen nanolithography111. However, each of these technologies has certain limitations 
restricting their widespread applications. In the nanosphere lithography, the space among a 
monolayer or multilayer of closely-packed particles is used as template for fabricating nanoscale 
features. However, the formation of monolayer of particles is usually lack of long–range order, 
due to the tendency to nucleate uncorrelated domains on the substrate, yielding the grain 
boundaries112. Electron-beam lithography, ion-beam lithography, nanoimprinting, and dip-pen 
nanolithougraphy are not suitable for high throughput manufacturing because of their low speed, 
small patterning area, and high-cost of equipment112. Therefore, a low-cost and high throughput 
technique for fabricating nanostructures over a large area is needed.  
Inkjet printing, which is compatible for roll-to-roll manufacturing, has been proved to be 
a scalable and low-cost additive manufacturing technology. However, the current materials 
printing techniques are limited to high-speed production of complex patterns with >10 µm line 
width1, not compatible with applications desiring nanoscale features89. Hence, nano-structured 
templates or masks need to be used in conjunction with inkjet printing processes for directing the 
self-assembly of functional materials into nanostructures in the micron-sized droplets. The 
objective of this research is to explore inkjet printing as a potential technique for fabricating 
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nanoscale structures, and to advance the fundamental understanding of involved complex 
transport phenomena. Emulsion has been used for synthesizing homogeneous polymer 
particles113, Janus particles114, and nanorings115 in bulk solutions. In these systems, the oil drops 
in bulk water serve as templates for polymerization to fabricate or modify particles. By 
employing particle-laden emulsion in inkjet printing processes, the evaporative nano-scale oil 
droplets could serve as templates for particle self-assembly during the evaporation of the micro-
scale inkjet-printed drops, enabling the high throughput of nano-features with inkjet printing 
technology.   
In this study, the fabrication of nanomesh structures in evaporating particle-laden 
emulsion drops is explored. The evaporation process and self-assembly of the oil drops are 
observed in-situ. To reveal the mechanism governing the formation of nanomesh structures in 
inkjet-printed drops, the effects of surfactant, particle and oil concentrations, and drop drying 
conditions on the particle deposition morphologies are discussed. 
 
6.2 Experimental method 
  The experimental procedures and mechanisms for particle self-assembly in particle-
laden emulsion drops are shown in Figure 6.1. To form the particle-laden emulsion ink for 
printing processes, surfactant Sodium dodecyl sulfate (SDS) from Fisher Scientific are added 
into aqueous suspensions containing different volume fractions of 12 nm silica particles 
(SNOWTEX-C from Nissan Chemical), followed by the addition of evaporative oil, mesitylene 
(Sigma-Aldrich), as shown in Figure 6.1a. The mixture is stirred for 1 hour before 
ultrasonication under a probe sonicator (Sonics VCX 130) with 100% amplitude for 60 min (20 
seconds pulse with 60 second idle).  After ultrasonication, the oil is dispersed in water as droplets, 
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and the coalescence of these oil drops is prohibited by the surfactants attached on the oil-water 
interface. The hydrophilic silica nanoparticles (diameter = 12 nm) are suspended in the water 
phase rather than trapped by the interface due to their small size as shown in Figure 6.1b. This 
particle-laden emulsion is printed on substrates allowing for the evaporation of the water and the 
oil, as in Figure 6.1c and d. The substrates used in this study are glass microscope cover slips 
(Bellco, ~150μm thick) underwent a sequence of cleaning by sonicating in Sparkleen-DI water 
solution, ethanol and acetone for fifteen minutes each, and immediately dried in a stream of 
compressed air after rinsed with DI water. The evaporation process is taken with an inverted 
Zeiss Axio Observer microscope conjunct with a Sony XCL 5005CR CCD camera. The final 
depositions are examined under Scanning Electron Microscope (Zeiss Supra 50VP).  
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Figure 6.1 Experimental procedures for the fabrication of nanomesh in inkjet-printed particle-
laden emulsion drops. 
 
 
 
6.3 Results and discussion 
The evaporation process of a particle-laden emulsion drop is shown in Figure 6.2.  The 
drop evaporation initiates at t = 0s. Under the effect of contact angle hysteresis and stronger 
evaporation near the contact line, the oil drops move towards the drop edge until stopped by the 
wedge-like air-water interface at t = 0.08s. As the evaporation continues, the reducing contact 
angle leads to the contact line depinning and recedes inward. At the same time, this receding 
contact line pushes the oil drops moving towards the drop center and self-assemble into closely-
packed oil drop clusters at t = 0.56s. The surfactants on the oil-water interface prevent the 
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coalescence of these oil drops allowing the silica nanoparticles to deposit among them. After 
complete evaporation of the water and oil drops, mesh-like deposition is observed on the glass 
substrate.       
 
 
 
 
Figure 6.2 Evaporation of an inkjet-printed particle-laden emulsion drop (0.5% particle volume 
fraction, oil (mesitylene) : water = 1 : 10, SDS concentration = 0.3%, RH = 40%). 
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The formation of nanomeshes in inkjet-printed particle-laden emulsion drops is 
influenced by the ink recopies. The effect of particle concentration on the deposition 
morphologies is shown in Figure 6.3. At low particle concentration of 0.04%, during the drop 
evaporation, the number of particles is not enough to self-assemble into closely-packed 
structures, leading to the formation of irregular deposition in Figure 6.3a and b. By increasing the 
particle volume fraction to 0.5%, particles starts to assemble around the oil drops at the last stage 
of evaporation (t = 0.56s in Figure 6.2), and the mesh-like deposition is observed in the center of 
the drop. However, this nanomesh structure is not complete, because there is not enough number 
of particles around the oil drops to prevent the coalescence of these oil drops at the end of the 
evaporation, when the water almost dries out. By further increasing the particle concentration to 
1%, at the last stage of evaporation, large amount of particles self-assemble in the space among 
the oil droplets. These deposited particles prevent the oil drop coalescence, leading to complete 
nanomesh deposition in the drop center. Each pore in Figure 6.3f was occupied by an oil drop 
before complete evaporation. The pore diameter of the fabricated nanomesh ranges from ~10 nm 
to ~3 µm, and line width of the mesh is ~ 200 nm.  
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Figure 6.3 SEM images of particle deposition in particle-laden emulsion drops with different 
particle volume fractions. (a), (b) 0.04% in water, (c), (d) 0.5% in water, (e), (f) 1% in water. Oil 
(mesitylene) : water = 1: 10 v/v, SDS concentration 0.3% in water, RH = 40%. (b), (d) and (f) 
are zoom in images at the centers of (a), (c) and (e).  
 
 
 
From Figure 6.3f, it can be observed that larger pores occur in the center of the mesh, 
while smaller pores are formed at the edge. This phenomenon results from the evaporatively-
driven self-assembly process of the oil drops, as shown in Figure 6.4. After a particle-laden 
emulsion drop is printed on a substrate, the contact angle hysteresis and stronger evaporation at 
the contact line initiate the outward flow which carries the silica nanoparticles and oil drops 
towards the drop contact line. Due to wedge shape near the drop edge, smaller oil drops are able 
to move closer to the contact line, but larger ones are stopped by the air-water interface at 
locations far away from the contact line. As evaporation continues, the drop recedes, and the 
drop edge remains a wedge shape trapping the smaller oil drops closer to the contact line than the 
larger ones throughout the receding process. At the last stage of evaporation, all the oil drops are 
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collected to the center of the drops with larger oil drops occupying the central area, and smaller 
oil drops at the edge. Silica nanoparticles deposit in the space among these oil drops. Therefore, 
the larger pores are observed in the center of the deposition, and smaller pores are observed at 
the edge. 
 
 
 
 
Figure 6.4 Assembly of oil drops in an evaporating particle-laden emulsion drop. 
 
 
 
As show in Figure 6.3e, the nanomesh structures only occupies a portion of the entire 
deposition (r/R = 30.0% in Figure 6.5a) due to the limited amount of oil drops. To study the 
effect of oil concentration on the deposition morphology, the volume ratio of oil/water is 
increased from 1/10 to 1/1 while keeping the particle concentration in water constant at 1%, as 
shown in Figure 6.5. When the oil-to-water ratio is 1/10, the complete mesh-like structure is 
formed with r/R = 30.0%. By increasing the oil-to-water ratio to 1/5, the larger mesh with r/R = 
40.2% is observed due to the increased number of oil drops in the particle-laden emulsion, 
however, many defects (or breakup of the nanomesh) is observed. This may result from the lack 
of enough particles to prevent the coalescence of the increased number of oil drops in the 
emulsion in the last stage of evaporation. Hence, several locations devoid of mesh-like structures 
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(or local breakup of the nanomesh) are observed in Figure 6.5b. Further increasing the oil-to-
water ratio to 1/1, no mesh-like structures could be observed in the deposition as in Figure 6.5c. 
The greatly increased oil-to-water ratio drastically increases the instability of the particle-laden 
emulsions. During the evaporation, instead of self-assembly in the drop center, the oil drops 
coalesce in the center of the water drop, leaving no mesh-like structures in the final deposition. 
 
 
 
 
Figure 6.5 Effect of oil/water ratio on the depositions of the particle-laden emulsion drops. (a) 
oil (mesitylene) : water = 1 : 10, (b) oil (mesitylene): water = 1 : 5, (c) oil (mesitylene): water = 
1 : 1. The particle volume fraction in water = 1%, SDS concentration 0.3%, RH = 40%.  
 
 
 
In addition to the recipe of the particle-laden emulsion, the drying condition also 
influences the particle deposition, especially the central region, as in Figure 6.6. For evaporating 
particle-laden emulsion drops, after the water is completely evaporated, the surfactant would no 
longer be stable on the surfaces of the small oil drops, leading to the coalescence of the oil drops. 
However, when the relative humidity is as low as 40% in Figure 6.6a, particle deposition speed 
is fast enough to deposit around the oil drops before their coalescence, hence the nanomesh could 
be observed in the deposition. By increasing the relative humidity to 70%, the water drop 
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evaporation is slowed down, and particle deposition speed reduces accordingly. Lower particle 
deposition speed cannot catch up with the oil drop coalescence process, hence, no mesh-like 
deposition could be observed after the evaporation. 
 
 
 
 
Figure 6.6 Effect of relative humidity on particle deposition morphologies in the drop center. 
Insets show the deposition of the entire particle-laden emulsion drops. (a) RH = 40%, (b) RH = 
70%. Oil (mesitylene): water = 1 : 10, surfactant concentration in water: 0.3%, and silica particle 
concentration: 1%. 
 
 
 
6.4 Conclusions 
In this study, we showed that the dispersed oil drops in a particle-laden emulsion drop 
could serve as liquid templates for printing nanoscale structures, which advances the printing 
resolution from ~10 µm to ~100 nm scale. The in-situ observation of the particle self-assembly 
into nanomesh structures in an evaporating drop is conducted with an inverted microscope. The 
ink recipe and drop drying conditions are found to greatly influence the formation of mesh-like 
structures. Increasing the particle concentration could limit the oil drop coalescence leading to 
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more complete nanomesh. Increasing the oil concentration in the emulsion is found to increase 
the area of the mesh, however, the integrity of the mesh decreases due to the shortage of the 
particles to prevent the coalescence of the increased oil drops. Moreover, the water drop 
evaporation and receding contact line confines the dispersed oil drop in certain locations 
according to their sizes, enabling the larger pores in the center and smaller pores close to the 
edge of the nanomesh. Therefore, by tuning the ink recipes and drying conditions for the inkjet 
printing process, the printable nanomesh structure could be controlled.  
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CHAPTER 7 : SELF-ASSEMBLY OF NANOPARTICLES DIRECTED BY 
NANOPOROUS TEMPLATES 
7.1 Introduction       
Nanostructures fabricated on substrates, such as nanopillar arrays116-118, carbon 
nanotubes119, 120, and metallic/semiconductor nanowires121-123 attract great research interests due 
to their unique properties including large surface area, a surface topography well-separated from 
the underlying substrate, and large mechanical compliance116. These advantages promote the 
application of nanomaterials in various fields, such as biomimetic materials124, 125, 
supercapacitors126, 127, superhydrophobic surfaces128, solar cells129, 130, biomedical diagnostics131, 
DNA separation132, heat exchangers,133 and anisotropic surfaces134. 
In many applications, the one-dimensional filamentary materials are completed in a wet 
environment135, 136. In this environment, liquid surface tension, originated from the decreasing 
air-water interface during the solvent evaporation, often results in the collapse of these high-
aspect ratio materials118. Beyond this disadvantage, surface tension could also serve as a versatile 
and scalable tool for capillary-driven self-assembly of the patterned nanostructures into 
functional features119. Via this capillary-driven self-assembly, complex 3D microstructures are 
obtained with various nanoscale filamentary materials, such as carbon nanotubes137-143, 
Polydimethylsiloxane (PDMS)144, Poly(methyl methacrylate) (PMMA)136, 145, 146, Polyethylene 
terephthalate147, epoxy116, 118, copolymers136, polyurethane118, photoresists135, 148, hydrogel118, 149, 
150, biological fibers150, Si151-154, Au155, ZnO156, and Cu153.  
One-dimensional filamentary materials could often be achieved by nanotemplate-assisted 
synthesis in which materials are deposited within the pores of the template membranes by 
electrochemical, chemical and physical processes. This method is proved to be capable for 
achieving extraordinary low dimension (~3 nm) structures.157 Among various nanoporous 
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templates, the anodic aluminum oxide (AAO) membrane shows unique characteristics in well-
controlled pore size, size distribution, high repeatability, and good biocompatibility with typical 
thicknesses on the order of 100 nm to 100 μm, as shown in Figure 7.1. Self-assembly of metallic, 
semiconductor, dielectric nanoparticles, nanowires, and polymers in nanoporous materials, such 
as AAO, in conjunction with low-cost and high throughput fabrication processes carries great 
promise in additive manufacturing of nanomaterials. 
In this study, methodologies of fabricating Ag nanotubes, nanotubes forest and nanomesh 
on solid substrates are developed based on the evaporatively-driven self-assembly of Ag 
nanoparticles in AAO membranes. The effects of particles concentration, substrates, fabrication 
and drying methods on the morphologies of fabricated nanostructures are examined.  
      
 
     
 
Figure 7.1 SEM images of an Anodic aluminum oxide nanoporous membrane with 55 nm pore 
diameter. Top view (a) and cross-sectional view (b). 
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7.2 Experimental methods 
AAO membranes with pore diameter of 55 nm, 80 nm, 100 nm, and 150 nm are 
purchased from Synkera Technological Inc, while the membranes with 200 nm pore diameter are 
Whatman Anodisc Inorganic membranes. Silver ink containing ~10 nm Ag particles are from UT 
Dots, and the inks with different concentrations are achieved by diluting the stock ink with the 
UT Dots solvent. Kapton-FPC (Dupont), Kapton-HN (Dupont), and glass cover slides (Bellco, 
~150μm thick) are used as substrates for growing Ag nanomesh and nanotube forests. The 
substrates and AAO membranes used in this study are rinsed with DI water, ethanol, isopropanol 
and acetone 3 times, and immediately dried with compressed air. The plasma treatment was done 
in an Argon environment in a plasma cleaner for 2 min at 18W and 250 mtorr (Harrick Plasma 
PDC-32G). 
 
 
7.3 Results and discussion  
7.3.1 Effect of annealing conditions on electrical properties and particle deposition morphologies 
Silver ink is widely used for printing electronics due to its low electrical conductivities. 
However, the electrical properties of the structures fabricated with the silver ink are greatly 
influenced by the annealing conditions. To measure the electrical properties of the silver ink, 12 
µL silver drops with 5.75% volume fractions are placed on glass cover slips, and dried in air, 
followed by thermal annealing at different temperatures, as shown in Figure 7.2.  
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Figure 7.2 Effect of annealing temperature on sheet resistance. (a) Dependence of annealing 
temperature on sheet resistance; (b) Ag particle deposition before sintering; (c) Ag particle 
deposition after sintering at 175 °C for 10 min.   
  
 
 
As shown in Figure 7.2a, by increasing the annealing temperature from 50 °C to 175 °C, 
and keeping the annealing duration as 10 min, the sheet resistance of the silver deposition 
reduces from 3.4 × 1010 Ω/sq to 2.3 Ω/sq. This dramatic decrease in sheet resistance resulted 
from stronger inter-particle binding induced by the increased annealing temperatures as shown in 
Figure 7.2c. For the particles deposited in AAO membrane, thermal annealing conditions also 
greatly influences the morphologies of the deposition as in Figure 7.3. A drop of silver ink 
containing 5.75% Ag particles is placed on an Argon plasma treated AAO membrane with 80 nm 
pore diameter. After the drop is dried in air, Ag particles self-assemble into closely-packed 
cylinders in the AAO membrane as show in Figure 7.3a. Due to the spherical shape of these 
nanoparticles, the space among the particles is uniformly distributed in the pores, and the pores 
of the AAO are completely filled. However, after sintering the membranes at 175 °C for 10 
minutes, the silver nanoparticles start to melt and merge together, and the space among the 
particles aggregates into larger voids. Due to the instabilities, the melted Ag particles segregated 
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into chains of particles with much larger diameters than the nanoparticles in the ink as in Figure 
7.3b.   
    
 
Figure 7.3 Effect of annealing on Ag particle deposition morphologies in AAO membrane. (a) 
before sintering. (b) after sinterinf for 175 °C for 10 min. 
 
 
 
7.3.2 Directed particle self-assembly into nanomesh 
Due to the unique structure, the top and bottom surfaces for the AAO membranes are 
surfaces with periodic holes as shown in Figure 7.1. These periodic holes could serve as nano-
scale templates for the solvent evaporation and particle self-assembly. The experimental 
processes are shown in Figure 7.4. A drop of Ag ink is sandwiched between the plasma-treated 
glass and AAO membrane. Under the effect of surface tension, the AAO membrane is tightly 
attached on the glass substrate. Then, the AAO and glass is flipped over immediately and 
suspended for drying in air. Due to the capillary effect, the silver ink infiltrates into the pores of 
the AAO, and the solvent evaporation only happens through the pores. As the evaporation 
continues, the liquid level finally reduces to be below the AAO membrane. As the liquid contact 
line is pinned on the AAO membrane, solvent evaporation induces meniscus beneath the pores as 
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shown in the locally magnified schematic in Figure 7.4. Further evaporation leads to the 
meniscus contact with the glass, and the particles are trapped in the solvent under the solid 
surface of the AAO membrane. After complete evaporation, the AAO membrane is detached 
from the glass substrates, and the particles are found to self-assemble on the glass into a pattern 
replicating the solid portion on the surface of the AAO membrane (nanomesh structures) as in 
Figure 7.5b.  
 
 
 
 
Figure 7.4 Self-assembly of particle into nanomehses. 
  
 
 
Figure 7.5 shows the deposition of the Ag nanoparticles on the glass surface fabricated 
with the process described in Figure 7.4. Due to the defects in the experiments (evaporation did 
not completely occur through the pores), nanomesh does not form on the entire area of the glass 
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that covered by the AAO membrane as in Figure 7.5a. The substrate covered by nanomesh (as 
Figure 7.5b) shows a blue color, and the part covered by the irregular deposition (as in figure 
7.5c) is almost transparent. This might result from the surface plasmonic phenomenon. The 
nanomesh of the Ag particles in Figure 7.5b almost replicates the surface of the AAO membrane. 
However, because the solid surface of the AAO membrane is not completely smooth, the pore 
sizes of the nanomesh are not exactly the same as that of the AAO membranes. 
 
 
 
 
Figure 7.5 Deposition morphologies of silver particles on a glass substrate. (a) A photograph of 
the Ag nanoparticle deposition; (b) nanomesh in the red rectangular; (c) irregular deposition in 
the green rectangular. Particle concentration is 1%, and the pore size of the AAO membrane is 
100 nm. 
 
 
 
By adjusting the particle concentrations and the pore size of AAO membranes, the 
deposition morphologies of the nanomesh structures could be adjusted accordingly, as in Figure 
7.6. In Figure 7.6a, with 3% Ag concentration, the silver particles assemble into nanomesh 
structures whose line width ranges from ~80 nm to ~400 nm and the pore diameters ranges from 
~190 nm to ~ 400 nm. The deviation of the pore diameter of the nanomesh from that of the AAO 
membrane (55 nm) is induced by the non-uniform pore sizes and rough surface of the AAO 
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membrane as shown in Figure 7.1. When the ink concentration is reduced to 1%, pore size of the 
deposition increases to a range from ~ 83 nm to ~550 nm, and the line width reduces to a range 
between 83 nm and 283 nm as in Figure 7.6b. The effect of AAO geometry on the deposition is 
shown in Figure 7.6b and c. By keeping the particle concentration the same, and increasing the 
AAO membrane pore size from ~55 nm to ~100 nm the deposition pore sizes and line widths 
increased to ~350 to ~800 nm and ~ 113 nm to ~700 nm, respectively. To improve the 
uniformity of the Ag nanomesh deposition, AAO membranes with more regular pores and 
smooth surfaces are needed. This could be achieved by electrochemically polishing the surfaces 
of the aluminum foils before anodizing the nanoporous aluminum oxide structures on them.   
 
 
 
 
Figure 7.6 Deposition morphologies of nanomesh with different particle concentration and AAO 
membranes. (a) 3% Ag ink, 55 nm AAO pore diameter; (b) 1% Ag ink, 55 nm AAO pore 
diameter; (c) 1% Ag ink, 100 nm AAO pore diameter. 
 
 
 
7.3.3 Fabrication of Ag nanotubes with AAO membrane 
Besides the nanomesh-like structures, AAO membranes are also used for the fabrication 
of nanotubes via a drop casting process. In experiments, the cleaned and Argon plasma treated 
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AAO membranes with 200 nm are suspended in air by two glass substrates, and a drop of Ag ink 
is casted on top of the AAO membrane. Under the capillary effect, the Ag ink infiltrates into the 
pores of the AAO. During the ink evaporation in the nanopores, as show in Figure 7.7a, stronger 
evaporation happens near the contact line bringing the Ag nanoparticles to the contact line, and 
deposited on the wall of the pores. After the solvent being completely dried, the silver particles 
are deposited into a tube in the AAO pore. Thermal sintering at 120 °C for 60 min enhances 
binding among these Ag particles. By dissolving the particle loaded AAO membrane in 1 M 
NaOH for 2 hours, followed by removing the extra NaOH with DI water using a centrifuge, the 
Ag nanotubes with outer diameter about 200 nm are observed under SEM as in Figure 7.7b. 
 
 
 
 
Figure 7.7 Self-assembly of Ag nanoparticles into nanotubes in an AAO membrane. (a) 
Schematic of the formation of Ag nanotubes in AAO; (b) SEM images of the Ag nanotubes after 
removing the AAO template. 
 
 
 
These cleaned nanotubes aggregate into black clusters, and precipitate from the DI water, 
or the stock solvent purchased from UT Dots. This may be induced by the fact that the surface 
functional groups/surfactants are burnt during sintering, or washed away in the cleaning 
procedure. To improve the stability of the fabricated nanotubes in solvents, surfactants with thiol 
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groups or diblock copolymers that could strongly bind with Ag could be used to stabilize the 
suspension. 
 
7.3.4 Fabrication of Ag nanotube forest on substrates 
In addition to the nanotubes dispersed in solvents, nanotubes vertically grown on solid 
surfaces also attracts great interest in applications such as supercapacitors126, 127, biomimetic 
adhesives124, 125, solar cells130, superhydrophobic surfaces128, heat exchangers133, biomedical 
diagnostics131, and anisotropic surfaces134. In this study, we are developing a fabrication 
methodology for growing Ag nanotube forests on solid surfaces via an evaporatively-driven 
particle self-assembly process. The fabrication process developed in this study is shown in 
Figure 7.8.  
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Figure 7.8 Experimental procedures for fabricating Ag nanotubes on substrates. 
 
 
 
The substrate for holding the Ag nanotubes and AAO membrane are firstly cleaned by 
ultrasonication in Sparkleen/DI-water solution, ethanol, and acetone for 15 min each, followed 
by rinsing with DI water and dried with nitrogen. After treated in Argon plasma for 2 min, drops 
of Ag ink with 5.75% volume fraction are casted on an AAO membrane suspended in air and on 
a substrate. After being dried, the AAO membrane and substrate with Ag particle deposition are 
tightly clamped together. The paste-like silver particles on the substrates performs as an adhesive 
binding to the solid substrate with the silver loaded AAO. Then, sintering the clamped AAO and 
substrate at 120 °C for 60 min under vacuum enhances the binding of the Ag particles, and 
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allows the rigid nanotubes to be attached on the solid substrate. To remove the AAO template, 
the substrates with AAO attached on top are immersed into 1 M NaOH solution for 2 hours. The 
AAO reacts with NaOH forming the Al(OH)3. Because it is insoluble in water, large amounts of 
Al(OH)3 are trapped among the Ag nanotubes. In order to remove the undesired Al(OH)3, the 
substrates are sequentially immersed in DI water, ethanol/water (50/50) and isopropanol/water 
(50/50) solutions for 2 hours each. To dry these Ag nanotube forests, three different methods, 
drying in air, freeze-drying and supercritical drying are used in this study.  
To identify the optimal processes and materials to fabricate Ag nanotube forest, 5 kinds 
of substrates (glass, silicon wafer, Kapton Tape (KT), Kapton FPC and Kapton HN films) and 3 
kinds of AAO membranes (pore size 200 nm, 150 nm and 80 nm) are compared. Photographs of 
these samples after each fabrication procedure are recorded in Figure 7.9 to evaluate the effect of 
each cleaning procedure on the integrity of the Ag nanotube forest. The red boxes in the figures 
shows the procedure during which the layers of the Ag nanotube forest starts to crack or breakup. 
In #1 to #5, silver ink is dried on AAO with 200 nm pore size and different substrates, and then 
sintered together at 120 °C. Due to the bad adhesion of the silver to the glass, Kapton tape and 
silicon wafer, most of the fabricated silver nanotube forest fell off from the substrates during the 
cleaning processes in #1 - 3. The Ag nanotube forest shows the best adhesion to the Kapton FPC 
film. The Kapton FPC film is also used to fabricate the nanotube forest with AAO pore sizes of 
150 and 200 nm shown as #6 and 7 in Figure 7.9, which shows complete nanotube forests on the 
surfaces. In sample #8, a layer of silver is thermally evaporated on the Kapton FPC film before 
casting the silver drop, and all other procedures are kept the same. All the Ag nanotube forests 
fabricated on Kapton FPC film are complete from the photographs in Figure 7.9. 
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Figure 7.9 Effect of substrates and fabrication methods on the integrities of the Ag nanotube 
forests. Substreates: Glass = glass cover slip, K-T = Kapton tape, silicon = silicon wafer, K-FPC 
= Kapton FPC film, K-HN = Kapton HN film. A layer of 500 nm thick Ag was thermal 
evaporated on Kapton FPC film before casting the silver ink drop in sample #8. AAO membrane 
sizes: the pore sizes are labeled in the schematics; otherwise, membranes with 200 nm pore 
diameter are used.  
 
 
 
Upon reviewing all the processes described in Figure 7.9, Kapton FPC film and AAO 
membranes with 200 nm pore diameter are chosen to fabricate the Ag nanotube forests. After the 
fabrication and cleaning procedures in Figure 7.8 and 7.9, the samples are dried with three 
different methods described in Figure 7.8, and the mechanism of these drying methods are shown 
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in Figure 7.10. The most common drying procedure is to dry the samples in air which is shown 
as green arrow in Figure 7.10, where the solvent trapped in the Ag nanotube forest are removed 
through solvent vaporization. For the freeze-drying process, shown as the blue arrow in Figure 
7.10, the liquid is frozen and kept in a vacuum environment allowing the solid state solvent 
sublimating into the vapor, which avoids the collapse of the high-aspect ratio nanotube forest 
induced by the liquid-air interface. The third method, shown as the red arrow in Figure 7.10, is in 
contrast with the freeze drying process. Instead of sublimation from solid state, the liquid that Ag 
nanotubes are immersed in are kept in a high pressure and temperature chamber enabling the 
transformation of liquid solvents directly into gas by passing through the supercritical region. 
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Figure 7.10 Three drying processes for Ag nanotubes. Blue: freeze-drying; green: dried in air; 
red: supercritical drying. 
 
 
 
 Figure 7.11 shows the Ag nanotube forest dried in air. After the cleaning process, the Ag 
nanotube forest is immersed in water/isopropanol mixture. Exposing the sample in air allows the 
evaporation of the solvent, leading to the constant reduction of the liquid. As the evaporation 
continues, the liquid film thickness becomes smaller than the height of the nanotube forest, and 
the liquid will be trapped in the space among the nanotubes. Due to the liquid meniscus as shown 
in Figure 7.11, one component of the liquid-air interfacial tension force perpendicular to the 
nanotube surface cannot be balanced. Resulting from their small diameter, these Ag nanotubes 
are not stiff enough to resist this surface tension force, and Ag nanotubes start to bend and self-
assembled together as shown in Figure 7.11. Therefore, the nanotubes self-assembled into 
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closely-packed bundles at the top, while the bottom of the nanotubes is still attached on the 
substrate. The sizes of the clusters of these Ag nanotube forests depend on the nucleation process 
during the drying of the solvent thin film. To suppress the bending and self-assembly of the Ag 
nanotube, freeze-drying and supercritical drying processes are used to avoid the presence of the 
liquid meniscus during the solvent removal. 
 
 
 
 
Figure 7.11 Ag nanotube forest dried in air. The nanotubes are bent and self-assembled due to 
the capillary force on the air-water interface when drying in air. 
 
 
 
Tert-butanol is chosen as the phase change material for the freeze-drying process to avoid 
capillary assembly of the nanotubes based on three reasons144. (1) Tert-butanol does not dissolve 
Ag nanotubes and the Kapton FPC film; (2) the volume change between the liquid and solid state 
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around melting of the material is small, approximately 0.8%; (3) the melting point of tert-butanol 
is 25.4°C, slightly above room temperature, so the sublimation could be done in a vacuum 
environment at room temperature. In the experiment, after cleaning the Ag nanotube forest in 
water/IPA solution, the samples are immersed in tert-butanol for solvent exchange for 2 hours, 
followed by transferring the Ag nanotube forest into a beaker with 10 mL fresh tert-butanol. This 
beaker with tert-butanol is quickly frozen in a refrigerator, and kept in vacuum for sublimation. 
In the entire process, the samples are transported in a small cap among different solutions to 
ensure that samples are always immersed in liquids. However, during the sublimation, liquid is 
often found on the sample, and the capillary self-assembly of the nanotube forest is still observed 
under SEM as shown in Figure 7.12. This resulted from water (from incomplete solvent 
exchange) contaminating the tert-butanol during the frozen process. Any small amount of 
water/IPA mixed brought into the tert-butanol will greatly change its melting temperature, 
leading to the difficulty in keeping the sample frozen throughout the entire sublimation process. 
Hence, the presence of small amount of water results in the self-assembly of the Ag nanotubes 
forest as shown in Figure 7.12. 
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Figure 7.12 SEM images of Ag nanotube forest dried through freeze-drying process. (a) 
Overview of the Ag nanotubes, (b) zoom in picture of the nanotube assembly. 
 
 
 
The third method for drying the samples is supercritical drying to prohibit the self-
assembly of the Ag nanotube forest, as shown in Figure 7.8 and 7.10. After cleaning in 
water/IPA mixture, the Ag nanotube forest is immersed in anhydrous ethanol for 24 hours to 
remove the water trapped among the nanotubes. Then, the samples are immersed in a small 
beaker filled with fresh ethanol, and kept in an enclosed chamber. This chamber is filled with 
liquid carbon dioxide at 150 bar for solvent exchange for 2 days. By increasing the temperature 
to 40 °C, above the critical point, liquid carbon dioxide is vaporized. After releasing carbon 
dioxide vapor from the chamber, dried Ag nanotube forest samples are obtained. Figure 7.13a, 
7.3b and 7.13c show the SEM images of the Ag nanotube forest obtained through the 
supercritical drying process. Because of the removal of the surface tension effect, a large area of 
Ag nanotubes standing on the substrate is obtained as in Figure 7.13c. It is important to note that 
immersing the samples in ethanol to remove the water before the supercritical drying is very 
important to prevent the capillary self-assembly of the Ag nanotube forest. Any water brought to 
the supercritical drier will be trapped among the nanotubes in the supercritical drying process, 
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since it cannot be dissolved in carbon dioxide. This water remains on the Ag nanotube forest, and 
the water-carbon dioxide interfacial tension will induce the nanotube forest self-assembly after 
the carbon dioxide is vaporized. The morphology of the Ag nanotube forest without water 
removal in anhydrous ethanol before supercritical drying is shown in Figure 7.13d. It can be 
observed that Ag nanotubes self-assemble into bundles under the presence of the water. 
 
 
 
Figure 7.13 Ag nanotube forest dried under supercritical drying with and without water removal 
in anhydrous ethanol before kept in supercritical drier. (a) top and (b) cross-sectional views of 
Ag nanotube forest fabricated with water removal in anhydrous ethanol; (c) overview of Ag 
nanotubes in (a) and (b); (d) Ag nanotube forest fabricated without solvent exchange in ethanol 
before kept in supercritical drier. 
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7.4 Conclusion 
In this study, we demonstrate the fabrication of nanostructures with AAO nanoporous 
templates. The effect of annealing temperature on the electric properties and morphologies of the 
Ag nanoparticle deposition in nanoporous templates AAO is examined. High annealing 
temperature results in the melting and re-solidifying of the Ag particles leading to a series of Ag 
beads formed in the nanopores. In contrast, the low sintering temperature only partially melts and 
bonds the Ag nanoparticles together ensuring the formation of the Ag nanotubes in the nanopores 
of the AAO membrane.  
Based on the evaporatively-driven particle self-assembly in nanoporous AAO membranes, 
the methods for fabricating Ag nanotube forests on solid surfaces are developed. Among all the 
substrates tested, Kapton FPC polyimide film shows the best adhesion to Ag nanoparticles and 
best resistance to all the chemicals involved. The cleaning and drying processes are developed to 
remove the AAO templates from the silver nanotube forest. Three different drying processes, 
drying in air, freeze-drying, and supercritical drying are compared, and Ag nanotube forest dried 
supercritical drying is found to be most efficient in suppressing the nanotube self-assembly under 
surface tension effect.  
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CHAPTER 8 : IMPACT OF DROPLETS ON LIQUID-INFUSED POROUS SURFACES 
8.1 Introduction 
Superhydrophobic surfaces which incorporate micro-/nano-scale structures have attracted 
extensive attention in the last decade, for their unique characteristics, such as self-cleaning158-160, 
drag reduction161, 162, and condensation heat transfer163-165. Although promising, these surfaces 
shows limited oleophobicity with high contact angle hysteresis166, failure under pressure167-169, 
inability to self-heal upon damage and high production cost168, 170, 171. In contrast to traditional 
superhydrophobic surfaces, liquid-infused surfaces, inspired by the Nepenthes pitcher plants172, 
are introduced recently by Wong et al. in Harvard102. Such liquid-infused surfaces show superior 
performance in self-cleaning, anti-icing, anti-biofouling, and condensation heat transfer 
applications than the traditional superhydrophobic surfaces without infused liquid173-183. It is 
found that the surface tension and viscosity of the infused oil directly affects the sessile water 
drop sitting on the oil-infused surfaces184, 185. Also, the stability of the infused-oil is influenced 
the surface structures. On a plane surface, gravity, thermal capillary forces, elasticity, chemical 
reactions with the substrate, or substances moving on the surface usually enables the formation 
of unique instabilities on the liquid thin film186-191. The 3D micro-/nano-scale structures on the 
surfaces introduces complexity, compartmentalization and micro-/nano-scale effects maintaining 
a continuous film170, 171, 192-195. To our knowledge, all current studies on liquid-infused surfaces 
focus on the equilibrium processes, where drops are placed without inertia on surfaces infused 
with a different liquid. These surfaces are coated with hydrophobic coatings to prevent the 
droplet penetrating the liquid film to directly contact with the surfaces. However, there’s no 
study of droplets impacting on liquid-infused surfaces, especially for the liquid-infused 
superhydrophilic surfaces which contains the same liquid as the droplet. 
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In this study, we experimentally investigated the droplet impact dynamics on hydrophilic 
surfaces infused with the same/different liquids, to develop the fundamental understandings over 
the interaction between the droplets and liquid-infused porous surfaces. We demonstrated that 
when an oil drop impacts on a surface infused with the same oil, there exists a small window of 
impact velocity for the droplet sliding down the surface without coalescence into the liquid thin 
film. In contrast, water drop slides down the oil-infused porous surfaces with different 
morphologies upon impact with different impact velocities.  
 
8.2 Experimental methods 
To observe the drop impact behaviors on liquid-infused porous substrates, an 
experimental setup is built as shown in Figure 8.1. Liquid drops with diameter of 3.3 mm in 
flight are released by a micro-pipette. By releasing the drops from different heights, the 
velocities of drops impacting on surfaces are controlled as 0.3 m/s, 1 m/s and 3m/s. The 
Reynolds number, Weber number and splashing parameter 1/2 1/4= RedK We  are shown in Table 
8.1. The liquid-infused porous surface is set to be 45° inclined, and a high speed camera 
(Phantom V210) working at 4,000 frame per a second and a light source (Fiber-Lite MI 150) are 
used to capture the drop impact processes.  
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Figure 8.1 Experimental setup for observation of drop impact on liquid-infused surfaces. 
 
 
 
Substrates used in this study are anodic aluminum oxide (AAO) membranes with 200 nm 
pore size (Purchased from GE) and print paper (from OfficeMax). The AAO membrane is rinsed 
with ethanol, acetone, isopropanol and DI water three times, and dried on a hotplate (Ceramic 
Thermo Scientific) followed by Argon plasma treatment for 2 min at 18W and 250 mtorr 
(Harrick Plasma PDC-32G) before use in experiment. The paper is prepared by Argon plasma 
treatment for 2 min without any liquid rinsing. The liquids of drops used in this study are DI 
water and silicone oil with 100 cP viscosity and 21.25 mN/m surface tension (Sigma-Aldrich). 
To prepare the oil-infused substrates, silicone oil is sprayed over the surfaces of porous AAO and 
paper, and the oil-infused substrates are held on a 45° inclined platform in air for 2 hours for 
equilibration. After obtaining the videos, image processing and measurement are performed in 
IMAGEJ (http://rsbweb.nih.gov/ij/). 
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Table 8.1 Re, We, and splashing parameter for the drops impacting surfaces. 
  silicone oil water 
Impact velocity We Re Kd We Re Kd 
0.3 m/s 13.5 9.6 6.5 4.1 990.0 11.4 
1 m/s 150.2 31.9 29.1 45.8 3300.0 51.3 
3 m/s 1351.5 95.7 115.0 412.5 9900.0 202.6 
 
 
 
8.3 Results and discussion 
Images comparing the single silicone oil drops impacting on dry AAO and silicone oil-
infused AAO are shown in Figure 8.2. For a silicone oil drop impacting on a dry AAO substrate 
with impact velocity 1 m/s, the inertia drives the droplet to spread on the surface without 
receding or splashing. Because the substrate is inclined to 45°, inertia drives liquid to flow 
downward, and start to accumulate at the drop front edge (the bottom edge of the drop in Figure 
8.2a). At t = 3.75 to 7.5 ms, this liquid accumulation forms a ring-like shape, and forms a 
pressure gradient inside the drop, which pushes the liquid flowing back to the rear edge (top edge 
of the drop in Figure 8.2a) at t = 10 ms. Due to the high viscosity of the silicone oil (100 cP), the 
drop interface oscillates between the front and rear edges, resulting from the liquid motion inside 
the drop which is quickly damped down by viscous dissipation, and a sessile drop is formed on 
the inclined AAO surface. Then, the drop starts to spread under the effect of surface tension. 
Once the AAO membrane is infused with silicone oil, the behavior upon the impact of a drop 
with the same liquid becomes unique. Instead of splashing or coalescence into the infused liquid 
film, the droplet spreads, recedes, and, at the same time, slides down the substrate, as shown in 
Figure 8.2b. This is resulted from a layer of air is trapped between the drop and oil film upon the 
impact. This air layer prevents the drop-film coalescence. Under the effect of inertia and gravity, 
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the oil drop slightly spreads, recedes and slides down on the inclined surface infused with 
silicone oil. 
 
 
 
 
Figure 8.2 Silicone oil drops impact on: (a) dry AAO, (b) silicone oil infused AAO. Impact 
velocity is 1 m/s. 
 
 
 
Figure 8.3 shows silicone oil drops impacting on the AAO membrane infused with 
silicone oil at different velocities. In figure 8.3b, as discussed above, the silicone oil drop 
impacts, slightly spreads, recedes and slides down the oil-infused AAO membrane at medium 
velocity of 1 m/s. However, at low (0.3 m/s) and high (3 m/s) velocities, both drops are found to 
spread on the surface and coalesce into the oil infused in the nanoporous AAO.  
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Figure 8.3 Silicone oil drop impact on AAO membranes pre-suffused with silicone oil at (a) 0.3 
m/s, (b) 1 m/s, (c) 3 m/s. 
 
 
 
Figure 8.4 shows the time evolution of drop front edge, rear edge, length and width upon 
impact on an oil-infused AAO membrane with different impact velocities. In Figure 8.4a, 
positions of the drop front and rear edges on the surface are the distance from the drop edges to 
the position where drop touches the surface (dashed line). It can be observed, that for drop 
impact on the surface at 0.3 m/s, the drop slowly approaches the oil film allowing enough time 
for the air to be expelled out of the gap between the two liquid layers, hence, the drop merges 
into the film. Due to small inertia, the front edge of this drop expends slowly under the capillary 
effect until t = 27.5 ms when the drop edge becomes difficult to measure due to the coalescence. 
Different from the drops with high and low impact velocity, where the front and rear edges are 
located at two different side of the impact point as in Figure 8.4a, for drop impact with medium 
velocity of 1 m/s, the positions for both the front and rear edges of the drop increases in the same 
direction, which means that the drop slides down the oil-infused surface upon impact, due to the 
air film trapped between the drop and liquid film. This drop, as in Figure 8.4b, firstly spread 
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under the effect of inertia from t = 2.5 to 6.75 ms, and then gradually recedes into a spherical cap 
while sliding down. The drop recedes along the length direction is slower than that in the width 
direction probably because the drop is sliding down the surface under inertia which stretched the 
drop in the length direction into an ellipsoid shape as t = 12.5 – 20 ms in Figure 8.3b. During this 
process, the rear edge remains pinned on the inclined surface. For the impact with high velocity 
(3 m/s, We = 1351.5), the high inertia compresses the air gap the between the drop and liquid 
film, and finally this film breaks up leading to the coalescence. Due to high inertia, this drop 
spreads much faster (as in Figure 8.4a) than the drop with low impact velocity (We = 13.5), as 
show in Figure 8.4a. Therefore, the drop could not recede into a spherical cap and slide down the 
surface. Therefore, for drops impacting on a surface infused with the same liquid, high and low 
impact velocity prohibit the drop receding and promote the drop merging into the thin film on the 
surface, but there exists a small window that the drop can spread, recede and slide on the 
surfaces. 
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Figure 8.4 Time evolutions of silicone oil drops impacting on a silicone oil-infused AAO with 
different velocities. (a) Time evolutions for the positions of the drop front and rear edges; (b) 
time evolutions of the drop widths and lengths upon impact. 
 
 
 
Besides the drop impact velocity, structures of the oil-infused surfaces also play 
important roles for drop dynamics. The process of a drop impact on oil-infused print paper with 
3 m/s velocity is shown in Figure 8.5a. Upon impact, the drop firstly spreads in the length 
direction, and the liquid starts to accumulate at the front edge at t = 2.5 ms due to inertia. This 
accumulated liquid keeps moving forward forming a neck region between fast advancing liquid 
front and slow spreading drops at t = 2.5 - 5 ms. This neck region keeps receding. Finally, the 
liquid front is separated from the rear part sliding down the surface, and the rear part of the drop 
spreads and coalesces into the liquid thin film. This phenomenon is in contrast to the drop impact, 
spreading and coalescence on oil-infused AAO surface, as shown in Figure 8.3c. This results 
from the different substrates used in the experiments. The scanning electron microscopy images 
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of the dry AAO and print paper are shown in Figure 8.5b and 8.5c. The AAO membrane shows 
relatively regular pores on its surface with nominal diameter of 200 nm. However, the print 
paper is composed by a series of fibers, and the pore sizes are irregular. 
 
 
 
 
Figure 8.5 Effect of substrates on the drop behaviors upon impact. (a) A silicone oil drop 
impacts on silicone oil-infused print paper. (b) SEM images of the top views for (b) the AAO 
membrane and (c) the print paper. 
 
 
 
The above discussion is based on silicone oil drops impacting on porous substrates 
infused with the same silicone oil, where the drop behavior (deposit or slide) on this substrate is 
dependent on different impact velocities. When different immiscible liquids are used for the 
droplets and the infused-oil, the drop behaviors become quite different. The water drop keeps 
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sliding along the substrates infused with silicone oil upon impact with all three different 
velocities, but the drop morphologies are very different as shown in Figure 8.6. For drops with 
0.3 m/s, the droplet spreads to its maximum diameter at 7.5 ms, and then recedes as shown in 
Figure 8.7b. Similar length and width during the spreading and receding in Figure 8.7b means 
that the drop slides down the surface as a spherical cap, which is different from the spreading and 
coalescence of oil drop upon impact on the silicone oil-infused surface in Figure 8.3a. When the 
impact velocity increases to 1 m/s, the higher inertia leads to a greater drop more in the length 
direction as in Figure 8.7b, forming an elliptical shape during sliding down the surface as t = 7.5 
ms – 50 ms in Figure 8.6. Under the effect of surface tension, the drop finally recedes into a 
spherical cap shape (similar width and length) at t ≈ 100 ms and slides down the surface. Further 
increasing the impact velocity to 3 m/s, the morphology evolution of the water drop becomes 
distinctively different. Upon impact, the drop firstly spreads similarly both in width and length 
directions up to t = 1.5 ms. Then, both the drop front and rear edges start to move downward 
along the substrate as shown in Figure 8.7a. The drop front moves much faster than the drop rear 
edge leading to the constantly increasing in drop length in Figure 8.7b, and a flat elliptical drop 
could be observed on the surface as t = 5 ms – 10 ms in Figure 8.6. Because of the surface 
tension of the water drop, the drop recedes in the width direction after 3.25 ms, while it keeps 
elongating in the length direction. The water drop forms a column shape at t = 15 ms. A small 
drop ejects from the front edge of this column drop, and the larger part further break up into two 
drops. By comparing Figure 8.7 and 8.4, it can be observed, that the oil drop slides down the 
surface only at medium impact velocity, and the water drop slides down the surface at all three 
velocities.  
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Figure 8.6 Water drops impacting on the silicone oil-infused print paper with (a) 0.3 m/s, (b) 1 
m/s, and (c) 3m/s. 
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Figure 8.7 Time evolutions of silicone oil drops impacting on silicone oil-infused print paper 
with different velocities. (a) Time evolution for the positions of the drop front and rear edges; (b) 
time evolution of the drop widths and lengths upon impact. 
 
 
 
8.4 Conclusion 
In this study, droplet dynamics upon impacting on inclined porous surfaces with and 
without infused-liquid is examined. On dry nanoporous AAO, the oil droplet deposit and spread 
on the surface without receding at medium impacting velocity, but on the oil-infused AAO, the 
same drop undergoes spreading, receding, and simultaneously sliding down on the nanoporous 
surface. Increasing and decreasing the impact velocity leads to the drop spreading under inertia 
and capillarity respectively without receding, and the spread out drop finally coalesces into the 
liquid infused in the AAO membrane. During the spreading phase, the drop widths and lengths 
increase similarly for drops impacting with all three velocities. However, during the receding 
phase of the drop with the medium impact velocity, the drop width firstly recedes faster than the 
length, but finally the drop slides along the surface with similar width and length. Moreover, 
structures of the substrates supporting the oil film also play important roles in drop dynamics. In 
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contrast to the drop merging in oil-infused AAO with high impact velocity, the oil drop breakup 
into two parts (one merges in and the other one slides down on) the oil-infused paper surface. 
Furthermore, the dynamic morphologies of water drops impacting on oil-infused print paper are 
observed. The drops show similar width and length during sliding upon impacting with medium 
and low velocities, while the drop sliding down as a column and breakup into three pieces in a 
line for impacting with high velocity.  
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CHAPTER 9 : CONCLUSIONS AND RECOMMENDATIONS 
9.1 Conclusions 
Inkjet printing, as a low cost and high throughput additive manufacturing technology, is 
considered to be capable of revolutionizing the electronics manufacturing industry. However, the 
current challenge is to effectively control the self-assembly of the functional materials into useful 
structures for various devices. Therefore, it is important to develop the fundamental 
understanding for the inkjet printing process, including drop formation, impact, spreading, 
coalescence, evaporation and functional material self-assembly. This study is aimed to reveal the 
fundamental transport phenomena in inkjet-printed droplets. 
 
9.1.1 Coalescence and particle deposition of two consecutively printed drops 
For inkjet-printed drops impacting on a dry and impermeable surface at We ~ O(1), both 
inertia and capillary effects play important roles in the initial spreading regime leading to 
substrate wettability dependent spreading kinetics before the droplet starts to oscillate. This is in 
contrast to the inertia-dominated drop impact at We >> 1, where variations in drop spreading 
kinetics with substrate wettability are negligible.  
The oscillation behaviors of the single and two printed drops depending on surface 
wettability, liquid surface tension, viscosity are investigated with a high speed camera. Drop 
oscillation decays faster on surfaces with higher wettability due to its stronger viscous 
dissipation resulting from a longer liquid oscillation path parallel to the substrate. Drops with a 
high viscosity oscillate shorter in time than low viscosity ones. The liquid surface tension does 
influence the drop oscillation frequency but not the oscillation period. Similar results on the 
effect of wettability and viscosity on drop oscillation time are found for the combined drop 
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resulting from a drop impacting on a sessile drop of the same liquid, but oscillation duration for 
the combined drop is longer than the single drop. To analyze the experimental observation, a 
single degree of freedom model analyzing the drop oscillation frequency (period) and amplitude 
decaying is developed, which are in good agreement with the experimental results during the 
drop relaxation phase.  
When a drop impacts on a sessile drop sitting on a hydrophobic substrate, as two drops 
coalesce and the combined drop subsequently spreads on the substrate, the drop recoil twice due 
to the coalescence of the two drops. This is in contrast to the absence of recoil for a single drop 
impact on a dry surface under the same condition, indicating that the threshold value for drop 
recoil is lowered in the presence of another sessile drop.  
By using a fluorescence microscope, the particle deposition behavior in two 
consecutively printed colloidal drops is observed with different drop spacing and jetting 
frequencies. As the drop spacing increases, the circularity of the coalesced drop decreases for all 
jetting delays, but the radius of curvature of the contact line at the second drop side firstly 
decreases, then increases. Jetting delay is also found to influence the particle deposition 
morphologies. Decreasing jetting delay enhances drop spreading by allowing more liquid in the 
combined drop, leading to the higher circularity for the deposition. The particle number density 
along the major axis of the deposition shows two peaks at the two ends of the major axis for the 
cases with shorter jetting delays, but a third peak located at the contact line of the first drop is 
observed for a longer jetting delay.  
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9.1.2 Beyond the drop size limitation: complex submicron structures in inkjet-printed drops  
Based on the classic coffee ring effect formed in colloidal drops, we demonstrate that 
nanoparticles self-assemble into highly repeatable complex morphologies, including concentric 
multi-ring, radial spokes, spider web, foam, and islands inside inkjet-printed pico-liter colloidal 
drops. The formation of these complex depositions is induced by the competition between the 
drop contact line receding velocity and particle deposition growth rate during the evaporation 
which is modeled in this study. A critical morphology transition parameters relating to the 
contact line receding velocity and particle deposition growth rate is found to warrant pinning of 
the entire contact line and resulting the deposition morphology transition inside droplets.  
The functional relationship between the deposition geometries and the drop drying 
dynamics are established. Model prediction on the linear correlation between multi-ring spacing 
and ring radius R, based on contact line stick-slip motion, agrees well with the experimental 
measurements. Marangoni instability near the contact line attributes to the radial spoke and saw-
toothed structures whose wavelengths  agree well with the scaling laws of l ~ R3  and 
l ~1 1-RH3 . Particle sizes are also critical for the deposition morphologies. Larger particles 
are found to suppress the multi-ring deposition, as compared to smaller particles, resulted from 
the smaller number of particles inside the drop.  
The dispersed nano-scale oil droplets in the particle-laden emulsion are found to serve as 
liquid templates for inkjet printing nano-scale structures, which enables the fabrication of 
nanomesh with ~ 100 nm line width much smaller than the 60 µm drop diameter. Through the in-
situ observation, the water drop evaporation and receding confines the dispersed oil drop in 
certain locations enabling the large pores in the center and smaller pores close to the edge of the 
deposition. The emulsion recipe and drop drying conditions are found to be critical for the 
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integrity of the nanomesh structures. Increasing the particle concentration limits of the oil drop 
coalescence leads to more complete nanomesh. Increasing the oil concentration in the emulsion 
is found to increase the area of the mesh, however, the integrity of the mesh decreases due to the 
lack of the particles to prevent the oil drop coalescence. Therefore, by tuning the ink recipe and 
drying conditions for the inkjet printing process, the printable nanomesh structure could be 
achieved. 
Besides revealing evaporatively-driven nanoparticle self-assembly mechanisms inside 
colloidal drops, this study offers an easy and fast way to produce complex submicron structures 
from inkjet-printed drops, which may extend the inkjet printing for fabricating devices at 
submicron scales. 
 
9.1.3 Development and morphology control of Ag nanotube forest  
Nanoporous anodic aluminum oxide membranes are used as templates for self-assembly 
of Ag nanoparticles into various structures. For colloidal drops evaporating on an AAO template, 
the liquid infiltration brings solvent and particles into the nanopore. Due to the shape of the 
meniscus inside a pore, the particles are transported to the contact line, depositing into nanotubes 
in the cylindrical nanopores. The influences of thermal annealing temperature on morphologies 
of Ag nanoparticles trapped in AAO membranes are examined. High annealing temperature 
melts the Ag nanoparticle deposition, and re-solidified into a series of Ag beads throughout the 
nanopores, but the low annealing temperature only partially melt the particles and crosslink the 
Ag nanoparticles into nanotubes.  
Based on the evaporatively-driven self-assembly of Ag nanoparticles in AAO membranes, 
the fabrication process for Ag nanotube forest on solid surfaces is developed. Kapton FPC 
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polyimide film shows best adhesion to the Ag particles, and the NaOH, ethanol and isopropanol 
are used to remove the AAO templates from the Ag nanotube forests. Three different drying 
methods, drying in air, freeze-drying and supercritical drying, are compared. For samples dried 
in air, the continuously reduction of solvents due to the evaporation enables the self-assembly of 
nanotube forest into closely-packed bundles under air-liquid interfacial tension. This capillary-
driven self-assembly could be suppressed by supercritical drying process. 
 
9.1.4 Droplet impacting on liquid-infused porous surfaces 
The behaviors of droplets impacting on inclined porous surfaces infused with liquids at 
three different velocities are examined. In contrast to the spreading and deposition on dry AAO 
membranes, the oil droplet spreads, recedes, and simultaneously slides down on the oil infused 
AAO upon impact with medium velocity. Impacting with higher or lower velocities, the drop 
spreads under inertia or capillary force, and finally merges into the liquid infused porous surface. 
Moreover, the dynamics of water drops impacting on oil-infused print paper are observed to 
examine the dynamics of drops impacting on surfaces with immiscible liquid. The drops possess 
similar widths and lengths during sliding upon impacting with medium and low velocities, while 
the drop slides down as a column and breaks up into three pieces in a line when impacting with 
high velocity.  
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 9.2 Recommendation for future work 
9.2.1 Oil film assisted particle self-assembly in inkjet-printed drops 
Coffee ring effect happens due to the contact line pinning and non-uniform evaporation 
along the air-drop interface27, and the contact line pinning originates from the contact angle 
hysteresis induced by the heterogeneities in the surface energy or surface profiles (roughness)196, 
197.  Therefore, this contact angle hysteresis could be suppressed if the drop is evaporating on an 
ideally smooth surface, such as a droplet floating on a liquid film, where the drop could freely 
recedes during the evaporation. Hence, the coffee ring effect could be suppressed. 
The preliminary results can be seen in Figure 9.1. The evaporation process of a colloidal 
drop printed on a dry glass slide is shown in Figure 9.1a, where the contact line is pinned during 
the evaporation. The particles are transported from the drop center to the edge forming the coffee 
ring effect. However on a silicone oil coated glass slide, the drop keeps receding and collecting 
particles to the drop center as in Figure 9.1b. No particle motion from drop center to the edge is 
found during the evaporation process. At the end, a monolayer of particles is formed on the 
substrate. Although this is unique, there are still several questions to be addressed to fully 
understand the phenomena described in Figure 9.1b. i) When an aqueous colloidal drop is printed 
on oil film, whether the drop contacts with oil or substrate is not clear. ii) Whether the particles 
are kept in water or trapped at the oil-water interface during the evaporation is not directly 
observed, since the particles tends to be trapped at oil-water interface to minimize the free energy 
of the entire system. iii) Current studies on the water drops sitting on oil films are based on 
millimeter-sized sessile drops184, 198. Whether these theoretical laws are applicable to the 
dynamic processes, like inkjet printing (drop evaporates in seconds), still needs more study. 
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Figure 9.1 Evaporation of inkjet-printed colloidal drops on (a) a glass slide and (b) a silicone oil-
coated a glass slide. The scale bars are 100 µm in (a) and 50 µm in (b). Particle diameter: 1 µm. 
 
 
 
9.2.2 Printing of colloidal drops with ellipsoid particles for reducing the deposition area smaller 
than the drop size 
Numerous studies on the evaporation of colloidal drops focus on the spherical particles27, 
29, 199. Once the drop is printed on hydrophilic surfaces, the deposition morphologies of these 
spherical particles exhibit the well-known coffee ring effect. This uneven deposition distribution 
usually harms the performance of printed lines and films. However, in evaporating drops with 
anisotropic particles, these particles could firmly attached on the air-water interfaces and form 
monolayer of a closely-packed particle network under the strong and long range capillary 
attraction33, 34. This strongly intertwined particle network trapped on the air-water interface 
prevents the particles jamming at the drop contact line, and suppresses the coffee ring effect33. 
However, the previous studies failed to examine the drop contact line dynamics during the 
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evaporation of colloidal drops containing anisotropic particles, which in theory should be very 
different from the drops containing spherical particles.  
The fabrication of the ellipsoid particles is revised from the existing methods200-202. The 
carboxylate-modified polystyrene particles of 1 µm in diameter are dispersed in a 10% w/w 
solution of polyvinyl alcohol (PVA) in DI water, followed by solidifying this particle-laden PVA 
gel in air. The dried gels are immersed in 140 °C vegetable oil (higher than 110 °C of the particle 
glass transition temperature) and stretched into desired aspect ratio, so the particles trapped in the 
PVA gels are elongated into ellipsoid particles. By dissolving the PVA gel in 50/50 w/w mixture 
of isopropanol and DI water, and removing the PVA and isopropanol, as large amount of 
ellipsoid particles dispersed in water is obtained. The SEM images of fabricated ellipsoid 
particles are shown in Figure 9.2. It is important to note that the method we used for extracting of 
the ellipsoid particles from PVA solutions is different than the centrifuging process in 
literatures200-202. Once the PVA gel with ellipsoid particles is dissolved in water/isopropanol 
mixture, instead of using a centrifuge, the solvent is sucked through a syringe filter (200 nm pore 
size) into the syringe. Due to their sizes being larger than the filter pore size, the ellipsoid 
particles are separated by being blocked at one side of the filter, and the liquid goes through the 
filter into the syringe. Then, a new syringe filled with DI water is connected to the syringe filter, 
and the cleaned ellipsoid particles are re-dispersed by pushing the DI water flowing from the side 
without particles to the side with particles. This process is repeated three times to obtain a large 
quantity of the cleaned ellipsoid particle as shown in Figure 9.2. 
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Figure 9.2 Ellipsoid particles fabricated by shape modification from spherical particles. 
 
 
 
On hydrophilic surfaces, the evaporation of pure liquid drops exhibits three distinct 
stages: constant contact area mode, constant contact angle mode, and mixed mode23. The contact 
line keeps receding during the last two stages. However, if the drop contains particles, the drop 
evaporation behaviors will be altered due to the particle-contact interactions. The different 
interactions of the drop contact line with the spherical and ellipsoid particles are schematically 
shown in Figure 9.3, which may reduce the size of the printed deposition much smaller than the 
drop size. According to the force analysis on spherical particles at the drop contact line, the 
particle adhesion force to the substrate Fa (including van der Waals force and electrostatic force) 
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provides the friction force fFa that pin the particles at the contact line, while the surface tension 
force Fs tends to bring the particles to the drop center
28 as shown in Figure 9.3a. As the 
evaporation initiates, the contact angle hysteresis and non-uniform evaporation along the air-
water interface activates the outward flow which brings particles to deposit at the drop edge. 
These particles are strongly attached on the substrate and pin the drop contact line. The constant 
contact area mode is prolonged to almost the entire process. Finally, most of the particles are 
transported to the drop edge to form the coffee ring effect. The diameter of the deposition of the 
spherical particles would be the same as the diameter of the drop on the substrate as in Figure 
9.3b. However, for drops containing ellipsoid particles, theoretically the evaporation process 
would be different, as in Figure 9.3d. Once a drop is printed, the particles are transported to the 
drop edge and strongly attached on the air-water interface due to their anisotropic shape33. The 
ellipsoid particles trapped on the air-water interface could not provide the force to be pinned at 
the contact line because of the absence of the particle-substrate interactions. Therefore, during 
the constant contact angle mode, the drop will start to recede without pinning from the particles 
as in Figure 9.3d. The receding contact line reduces the area of the air-water interface, and brings 
the particles to the drop center. Finally these ellipsoid particles are deposited on the substrate 
uniformly. Because the drop can freely recede on the substrate, the deposition of the ellipsoid 
particles could be smaller than the drop initial diameter on a partially wetting surface.    
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Figure 9.3 Schematics for the interaction between the contact line and particles in drops with 
spherical and ellipsoid particles. (a) Force analysis on spherical particles at the contact line; (b) 
evaporation and particle deposition process for drops with spherical particles; (c) forces on 
ellipsoid particle at contact line; (d) theoretical analysis of evaporation and particle deposition 
process for drops with ellipsoid particles.  
 
 
 
9.2.3   Large-scale and high throughput fabrication of submicron scale structures via particle 
self-assembly in inkjet printing processes 
In Chapter 5, the nanoparticles in printed single colloidal drops self-assemble into various 
structures, e.g. concentric multi-ring, spider web, spokes, foam and islands, during the drop 
evaporation. The effects of particle concentration, particle size, and drop drying conditions have 
been studied. However, these phenomena are also related to the particle surface functional 
groups, and substrate wettability. As shown in Figure 9.7a and 9.7b, 20 nm polystyrene particles 
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with two different surface functional groups show distinct deposition morphologies. Carboxylic-
modified particles assembled into broken arches in the deposition, while the sulfate-modified 
particles formed multi-ring structures on the hydrophilic surfaces. This difference may result 
from their different surface charges. The sulfate-modified and carboxylate-modified 20 nm 
polystyrene particles show surface charges of 0.085 and 0.715 milliequivalents/gram in a 2% 
stock solution, respectively. This difference in surface charge may greatly influence the particle-
particle and particle-contact line interaction. However, the mechanism of these surface charges 
governing the deposition morphologies still needs to be explored.  
Moreover, if two drops are printed close to each other, as in Figure 9.4c, the evaporation 
of a pico-liter drop may locally increase the relative humidity, and influences the adjacent drops 
resulting in the altered deposition morphologies. In contrast to the single drop in 9.4b that the 
irregular part of the deposition happens at the drop center, the irregular parts of the two adjacent 
drops drifted towards each other. Once the drop spacing is smaller than the diameter of a single 
drop, the two drops coalesce, and the deposition could be seen in Figure 9.4d. If the colloidal 
drops are printed into a line, the coalescence and evaporation of the entire line initiates the 
formation of even more complex structures. However, the effect of drop spacing and jetting 
delay on the evaporation and particle deposition in the printed lines needs more effort to explore.  
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Figure 9.4 Various depositions in inkjet-printed drops. (a) Deposition of carboxylic-modified 20 
nm polystyrene particles (Invitrogen) in a drop with 0.5% volume fraction on a plasma-treated 
glass slide. (b) Deposition of sulfate-modified 20 nm polystyrene particles (Invitrogen) in a drop 
with 0.5% volume fraction on a plasma-treated glass slide. (c) Deposition of two adjacent drop 
containing 0.5% volume fraction of 20 nm sulfate-modified particles on a plasma-treated glass 
slide. (d) Deposition of two coalescing drops containing 0.5% volume fraction of 20 nm sulfate-
modified particles on a plasma-treated glass slide. (e) Deposition of a series of drops containing 
0.25% volume fraction of 20 nm sulfate-modified particles with 200 µm drop spacing. 
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9.2.4 Dielectrophoresis-directed particle self-assembly in evaporating drops  
Dielectrophoresis (DEP) has been developed for a series of applications such as mineral 
separation, micropolishing, manipulation and dispersing of fluid droplets, and manipulation and 
self-assembly of micron/nanoparticles203. However, the manipulation of particles nowadays 
focuses on the assembly of particles inside the bulk solutions. As the demand for high throughput 
fabrication of submicron scale devices increases, utilizing the DEP force to control nanoparticle 
self-assembly in inkjet-printed drops (~ 10 µm) into submicron structures possesses great 
potential. In the evaporating drops, besides the outward flow bringing particles towards the drop 
edge, an extra DEP force is also able to control the particle motion inside the drop, hence the 
particle deposition morphologies. In the preliminary result in Figure 9.5, a colloidal drop 
containing 0.1% volume fraction of particles with 1 µm in diameter is placed between two 
electrodes fabricated with a 60 µm gap on a glass slide. Under the effect of DEP force, the 
particles start to accumulate in the gap region between the two electrodes as in Figure 9.5b. As 
the time increases, more and more particles come into the gap region, form closely-packed pearl 
chains, and hold the particles there as the dark column in Figure 9.5c. At the last stage of 
evaporation, the velocity of the outward flow greatly increases which drastically increases the 
drag forces on the particles. Once the force induced by the outward flow dominates the DEP 
force, the closely-packed pearl chains start to decouple as in Figure 9.5d. We observed the above 
phenomena, however, the mechanisms governing the particle self-assembly process, and effects 
of voltage, particle size, dielectric constant, and substrate wettabilty on the particle deposition 
behavior need more study to facilitate the inkjet printing of submicron scale structures assisted 
with the DEP effect.  
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Figure 9.5 Positive dielectrophoresis in evaporating droplets. (a) Schematic for experimental 
setup for a drop evaporating on a glass substrate with two electrodes. (b) Particle moving 
towards the gap between two electrodes at the beginning of the drop evaporation. (c) Particles 
assemble into closely-packed pearl chains in the gap during the evaporation. (d) The closely-
packed pearl chain decouples at the last stage of evaporation. 
 
 
 
9.2.5 Vapor-mediated droplet motion 
Droplet manipulation attracts extensive research interests due to its promising 
applications in chemical analysis204, 205, particle synthesis206, cell encapsulation207, 208, and protein 
crystallization209-211. In these applications, complex microfluidic systems are fabricated to control 
the droplet formation and transportation212. Here, we introduce an easy method for freely 
controlling the droplet motion on a substrate, as shown in Figure 9.6. In Figure 9.6a, a DI water 
drop is placed on a glass slide treated by Argon plasma for 30 seconds (contact angle < 5°), and a 
cotton swab saturated with acetone is moving towards the water drop with a constant velocity. 
When the swab is close enough to the water drop, the drop is found to spontaneously move away 
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from the swab. Similar phenomena could be observed when the swab approaching the droplet in 
any direction. However, if the DI water drop is placed on a glass slide as received (contact angle 
= 19°), the droplet keeps stationary at any distance away from the swab, as shown in Figure 9.6b. 
This phenomenon may provide a free and easy way to manipulate droplet motion on substrates in 
the microfluidic system.  
 
 
 
 
Figure 9.6 Motion of a water droplet upon approached with an acetone saturated swab on (a) an 
Argon plasma treated glass slide and (b) a glass slide as received. 
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Our hypothesis on this phenomenon is shown in Figure 9.7. The vapor pressure of 
acetone is 229.5 mmHg at 25 °C compare to the water vapor pressure of 23.7 mmHg. The 
acetone quickly diffuses (or evaporates) into the air and forms an acetone vapor filed around the 
swab. The side of the drop close to the swab absorbs more acetone than the other side. Since the 
surface tension of acetone is 25.2 mN/m much smaller than the water surface tension of 72.0 
mN/m, the side of drop close to the swab (with higher acetone concentration) shows lower 
surface tension than the other side. The surface tension gradient along the drop interface initiates 
a Marangoni flow from the side with lower surface tension to the side with high surface tension. 
The accumulation of the liquid on the left side of the drop (in Figure 9.7a and 9.7b) locally 
increases the drop contact angle, and propels the drop to move towards the left. However, on a 
glass substrate without plasma treatment where the water contact angle is 19°, the drop is 
relatively thick. Although the Marangoni flow drives the liquid to flow from right to the left on 
the air-water interface, the thicker drop resulted from higher contact angle allowing the liquid 
flowing back to the right at the drop bottom as in Figure 9.7c. Therefore, the drop keeps 
stationary on a glass slide as received. Above is only the hypothesis for the mechanism, and the 
physics behind this phenomenon, e.g. the effects of liquid surface tension, viscosity and substrate 
structure on the droplet motion still need more effort to explore. 
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Figure 9.7 Hypothesis of droplet moving on plasma-treated glass, but keeps stationary on glass 
as received. (a) Analysis of acetone vapor diffusion and absorption by water drop on hydrophilic 
surfaces. (b) Hypothesized liquid flow in a drop on a plasma-treated glass slide (contact angle < 
5°). (c) Hypothesized liquid flow in a drop on a glass slide as received (contact angle = 19°). 
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